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Musculoskeletal disorders (MSDs) constitute one of the most important occupational health 
issues in healthcare workers who are susceptible to upper extremity disorders.  Yet MSDs in the 
healthcare professions have not been studied extensively beyond the lower back.  The focus 
population for this research is the field of dentistry where neck and shoulder disorders have been 
documented to have a high prevalence.  Though quantitative data has been collected, many prior 
studies have focused on self-reported information.  The goal of this research is to provide insight 
into the inter-relationship of muscles in the upper extremities.  One way to accomplish this is to 
understand the muscle coactivation patterns in the neck and shoulders.  A comprehensive profile 
of eleven superficial muscles is developed using electromyography (EMG): two in the neck (the 
sternocleidomastoid and upper trapezius), five that cross the shoulder joint (latissimus dorsi, 
infraspinatus, supraspinatus, anterior, lateral, and posterior deltoid, the pectoralis major), and two 
that stabilize the shoulder joint (triceps and biceps); providing objective and quantitative data.  
Multivariate multiple regression, correlation, the muscle coactivation indicator (MCI), and 
stochastic modeling, using conditional histograms, are used to better understand muscle 
coactivation patterns and muscle responses to independent variables.  While the MCI showed 
relative coactivation level and correlation disclosed a dependency among dependent variables, 
regression was inconsistent in predicting muscle activity.  Conditional histograms provided a 
means of coactivation assessment.  Data gathered and knowledge gained is essential for the 
development of interventions to minimize MSDs and to understand muscle coactivation patterns 
in workers who maintain static postures.   
 




CHAPTER 1  
Introduction 
Human factors engineers, ergonomists and biomedical engineers are examples of the 
types of researchers who study the effects of the work environment on musculoskeletal disorder 
risks in many occupations such as manufacturing, office workers, athletes, steel workers, 
construction workers, cosmetologists, sheep shearers, poultry processors, and retail workers.  In 
1992, the United States Occupational Safety and Health Administration (OSHA) issued an 
advanced notice of a proposed rulemaking regarding an ergonomics standard that would likely 
cover the identification, training and education of the entire American work force in terms of 
workstation design, risk assessment and employer programs to alleviate suspected cases of 
ergonomic problems (Bramson, Smith, & Romagnoli, 1998).  Though this ergonomic standard, 
after several attempts, never came to fruition, the threat of the regulation spurred organizations 
such as the dental association to study ergonomic risks in the profession.   
Musculoskeletal disorders (MSDs) occur for several reasons, one of which is excess 
fatigue to specific body parts, which could be caused by poor working postures, repetitive 
movements, sustained muscular contractions, or numerous other reasons.  They are one of the 
most important occupational health issues in healthcare workers (Hayes, Cockrell, & Smith, 
2009).  MSDs in the healthcare professions have not been studied extensively beyond those that 
occur in the lower back (mostly in the field of nursing).  Body regions such as the neck and 
shoulders have not been studied as widely in healthcare professions.   
Of the prior research that focused on the neck and shoulders, the field of dentistry was 
documented to have high prevalence of MSDs in these areas.  Though quantitative data has been 
collected, far more of the prior studies have focused on self-reported data.  In either case, there is 




a strong need for more objective and quantitative research techniques that lead to a better 
understanding of the development of MSDs common in both the neck and shoulders. 
In three separate systematic reviews (Hayes et al., 2009; Leggat, Kedjarune, & Smith, 
2007; Morse, Bruneau, & Dussetschleger, 2010) of MSDs in the dental profession, researchers 
documented a high prevalence of musculoskeletal pain experienced by dental workers in the 
upper extremities – primarily in the back, neck and shoulders, but also in the hand/wrist body 
sites.  Depending on the particular study, research findings indicated 26 - 73% and 21 - 65% of 
dentists had experienced MSD symptoms in the neck and shoulders respectively (Morse et al., 
2010).  Likewise, 36 - 60% of dentists and 14-54% of dentists had experienced pain in their back 
and hand/wrist respectively (Hayes et al., 2009).  A lesser percentage experienced MSD pain in 
each of these body regions severe enough that it interfered with their work schedule.   
Work related factors, such as awkward postures and repetitive motions affecting the back, 
neck, shoulders, elbows, hands, and wrist increase the dentist’s exposure to MSDs.  Sustaining 
static postures and enduring repetitive motions requires coactivation or the continual shortening 
and lengthening of muscles.  One or several muscles, termed agonists or prime movers, act as the 
primary activators of motion.  An opposing set of muscles (typically on the other side of the 
joint) termed antagonists, counteracts the agonists and opposes the motion (Freivalds, 2004).  
The simultaneous contraction of two or more muscles, often of agonist and antagonist - called 
cocontraction – generally serves to control the magnitude of a strength exertion or the speed of 
the motion of the limbs (Kroemer, Kroemer, & Kroemer-Elbert, 1997).  These static exertions 
are low-level forces which constitute a corresponding risk if repeated or sustained for a 
prolonged time (Sjogaard & Jensen, 2006).  Continued exposure to the risk can lead to the 
development of MSDs.   




Previous researchers have emphasized the prevention of health problems associated with 
MSDs.  Therefore, numerous articles have recommended ergonomic interventions such as taking 
breaks, strengthening exercises, the need to pay attention to posture, adjustment of the patient’s 
chair when accessing different quadrants, alternating between sitting and standing, and the 
strategic placement of instruments, materials and medications within easy reach (ADA Office of 
Student Affairs, 2008; Green & Brown, 1963; Hamann, Werner, Rhode, Rodgers, & Sullivan, 
2004; Tandon, Garg, & Agrawal, 2010).   
The primary means of assessing MSD risks in dentistry has been through empirical 
studies using participant self- reporting (Alexopoulos, Stathi, & Charizani, 2004; Cherniack, 
Dussetschleger, & Bjor, 2010; Milerad & Ekenvall, 1990).  Some have used non-quantitative 
observational studies or expert diagnoses to draw their conclusions (Akesson, Johnsson, 
Rylander, Moritz, & Skerfving, 1999).  Many methods are available to conduct an ergonomic 
assessment of the workplace.  There are advantages and disadvantages to using the various tools.   
For instance, some tools such as Ovako working posture analysis system (OWAS), Rapid Upper 
Limb Assessment (RULA), the upper limb checklist, the strain index, OCRA index of exposure 
and National Institute for Occupational Safety and Health (NIOSH) lifting equation, have the 
advantage that they can all be completed at a job site with paper and pencil.  A common 
disadvantage is that each has a limited application.  Tools such as human digital modeling 
provide a means for modeling and testing multiple ergonomic scenarios without requiring a 
human to be present.  This benefit is also a disadvantage, as it lacks the human interaction and 
response often crucial in research.  In addition, it lacks the accurate reflection of individual 
variabilities.    




This research provides a quantitative means of assessing muscle coactivation patterns in 
as many as nine muscles simultaneously.  Other researchers typically calculate a muscle 
coactivation index based on two to five muscles at a time – two muscles around the knee (Kellis, 
Arabatzi, & Papadopoulos, 2003), four rotator cuff coactivation ratios (Myers, Hwang, Pasquale, 
Blackburn, & Lephart, 2009), and five flexors and extensors for elbow coactivation (Rebecca L. 
Brookham, Middlebrook, Grewal, & Dickerson, 2011).  There is also the potential to provide the 
dental community – students and professionals and manufacturers of dental equipment -- with 
information that will enable them to reduce the pain and discomfort incurred while performing 
dental procedures, and to provide equipment that minimizes the risk of developing 
musculoskeletal disorders, respectively.   Not only will the dental community benefit, but other 
occupations – physicians, physical and occupational therapist, chiropractors, cosmetologists, and 
barbers -- whose tasks require use of the upper extremities under similar conditions, can gain 
insight into the muscle activities that take place while working.  This knowledge can lead to 
interventions that will reduce the risk of upper extremity disorders. 
The focus of this research is on one specific type of practitioner in the dental profession, 
the dentists, and more specifically the prevalence of neck and shoulder disorders in dentists.  The 
environment and equipment of dental personnel subjects them to prolonged static and awkward 
postures.  At the conclusion of this research the desire is to be able to infer based on the findings 
that:   Some change in work schedules or work load can alleviate some of the pain encountered, 
or that additional modifications or redesign of equipment/instruments will minimize or even 
eliminate discomfort and pain.  Exercise and frequent breaks are the predominant interventions 
for avoiding MSDs.   




The significance of this study is that it provides a means to assure the health and wellness 
of dental providers by (1) documenting the stresses experienced by dentists when rendering 
patient care, (2) rendering a comprehensive myoelectric profile of measurable muscles in the 
neck and shoulders, and (3) providing a model of muscle stress and coactivation patterns using 
correlation, regression, and stochastic modeling.   
 
  




CHAPTER 2     
Background 
2.1 Overview of Musculoskeletal Disorders (MSDs) 
In 2001, NIOSH created a simple conceptual framework (shown in Figure 2.1) of factors 
that can contribute to MSDs, based on a synthesis of findings from the summaries and 
publications of some 4,000 published articles on MSDs.  Initial loads are applied to the 
musculoskeletal system either by external or internal forces resulting from dynamic and 
gravitational effects on the mass of the body segments.  The applied loads generate internal 
tissue responses in the muscles, ligaments, and joint surfaces.  One or more outcomes may result, 
based on the extent of the load, and other individual or social factors.  The outcome will be the 
body’s adaptation (increases in strength, fitness, or conditioning), or potentially harmful 
outcomes (pain or other symptoms, and structural damage to tendons, nerves, muscles, joints, or 
supporting tissues) that may result in symptoms, impairment, or disability.   
 Whether the exposure leads to an MSD depends upon the physical demands of the job, 
the adaptation response of the worker, and other individual physical and psychological factors.  
These factors may modulate the effects of the external load.  Interventions designed to reduce 
risk of a MSD can be implemented anywhere along the path (NIOSH, 2001).  Taking into 
consideration the conceptual model and the factors discussed previously, a list of potentially 
influencing psychosocial, individual, and organizational factors were created.  See Figure 2.2. 
Freivalds (2004) reported that between 1976 and 1998 six major surveys estimated the 
magnitude of MSDs in the general U.S. population (The National Health and Nutrition 
Examination Survey, the National Ambulatory Medical Care Survey, the National Health 
Interview Surveys, the Health and Retirement Survey, and the Social Security Supplemental  





Figure 2.1. Concept model of factors that potentially contribute to musculoskeletal disorders 
(NIOSH, 2001). 
 
Figure 2.2. List of factors that potentially contribute to MSDs in dentistry. 
 




Income Survey).   All were based on individual self-reports and not on medical diagnosis, and 
none identified the work-relatedness aspect of the disorders.  The National Health Interview 
Surveys of 1988 found a prevalence of MSDs of almost 15% in the U.S. population. 
It is difficult to obtain accurate MSD data, as there is not one central comprehensive 
surveillance data system (Freivalds, 2004).  One of the best sources for this information is the 
U.S. Department of Labor’s Bureau of Labor Statistics (BLS).  The U.S. BLS data includes 
private industry, but excludes approximately 25% of the work force – the self-employed, small 
farms, and federal, state and local government agencies.  The data is collected primarily from 
injury and illness data reports.   
Anatomically MSDs can be classified into six categories:  tendon, muscle, nerve, 
vascular, bursa, and bone/cartilage.  When providing detailed scientific evidence for risk factors, 
MSDs should be classified by joint.  Examples of possible work related MSDs are shown in 
Figure 2.3.  
Etiology is the primary focus for studying MSDs.  When considering etiology the 
assumption cannot be made that the prime source of the disorders is work-related, as several 
other individual factors influence and exacerbate the onset of MSDs.  These individual factors 
include demographics, work, anthropometry, psychological, lifestyle, comorbidity, past history, 
and social factors (Cole & Rivilis, 2006).  These factor types are shown in Table 2.1. 
2.2 MSDs in the Dental Profession  
2.2.1 Introduction.  In response to the 1992 proposed ergonomic standard proposed 
by OSHA, the American Dental Association’s (ADA) Council on Dental Practice chose a 
Michigan based ergonomic consulting firm, Humantech, in 1996 to conduct a study to 





Figure 2.3. Examples of possible work related MSDs ((Freivalds, 2004): Kuorinka, I and 
Forcier, L, 1995 Work Related Musculoskeletal Disorders (WMSDs):  A Reference Book for 
Prevention: London: Taylor & Francis). 




Table 2.1  
Individual Factor Types and What They Represent (Cole & Rivilis, 2006) 
Usual Naming of 
Factor Types 
Individual Factor(s) Potential Construct(s) 
Demographic Gender Differential labor market, 
different tasks, capacities and 
reactions to stress – all 
resulting in different 
exposures 
 Age Cumulative exposure, 
decreased tolerance and 
different skills and experience 
Work Work-style Different biomechanical 
exposures 
Anthropometry Height and weight Mismatch between equipment 
and person, differential tissue 
demands 
Psychological Personality Differential kinematics, 
differential coping capacity 
Lifestyle Physical activity, hobbies, 
sports 
Additional loads or physical 
exposures 
 Smoking, drugs Additional exposures 
Comorbidity Diabetes, pregnancy Additional internal exposures 
 Distress, depression Altered biochemistry, 
different pain perception 
threshold 
Past History Episode of MSDs Lower tolerance 
Social Divorced widowed Lower social support 
 Minority race Discrimination 
 Poverty Complex socio-health 
contexts 
 
evaluate the ergonomic risk of tasks associated with the provision of dental treatment (Bramson 
et al., 1998).  In phase one of this two phase study, fifteen dental hygienists and ten dentists from 
various geographical regions across the United States participated.  Each participant was 




interviewed and videotaped while performing dental procedures.  To determine which, if any, 
body parts were experiencing discomfort while performing the tasks, participants were asked 
questions from an employee survey.  To identify and evaluate the risk of each task, two company 
analysis tools:  the Baseline Risk Identification of Ergonomic Factors (BRIEF) survey and the 
Ergonomic Assessment Survey (EASY) instrument were employed. 
An ergonomic risk analysis was performed on nine body areas (left and right 
hands/wrists, elbows, shoulders, neck, back and legs).  Each body area was assigned a risk score 
of either low, medium, or high, based on working postures, force, frequency, duration, pain or 
discomfort and past injuries.  Through a process of risk prioritization, the EASY instrument 
allowed scoring on a seventeen point scale.   Four, two, or one point(s) were allowed from the 
BRIEF past injury survey, and employee discomfort survey, respectively.  The results, 
summarized in Figure 2.4, show the aggregate of four dental hygienists tasks (scaling, probing, 
polishing and flossing) and two separate dental tasks, amalgam preparation (cavity filling) and 
creating crowns.  Scores for each task are shown for each body area.  Four or more points were 
an indication of future cumulative trauma-type injuries and illnesses for the healthcare provider.  
Results of the EASY indicated that for the tasks of preparing crowns, preparing restorations and 
performing dental hygiene, there were signals that warranted further study of the hands and 
wrists, shoulders, neck and back.   
Researchers have time and again identified the neck, shoulder, lower back and hand/wrist 
discomfort in dentists and other dental professionals, each time identifying areas of discomfort 
consistent with previous findings.  To reduce these risk factors, the American Dental Association 
(ADA) and other researchers have recommended that dentists take breaks, adjust their chair or 




the patient’s chair, position the patient so that the dentist’s elbows are lower than their shoulders, 
keep their wrists even with or lower than their elbows, and place instruments, medications and  
 
Figure 2.4. Summary scores for the EASY risk assessment (Bramson et. al, 1998). 
materials within reach.   Ultimately, the goal is to keep fatigue to a minimum, thereby 
minimizing or eliminating development of MSDs.     
While most dentists are general practitioners, approximately 20% are specialists.  The 
American Dental Association recognizes eight specialties – Oral and Maxillofacial Surgery, 
Orthodontics and Dentofacial Orthopedics, Endodontics, Periodontics, Prosthodontics, Oral and 
Maxillofacial Pathology, Oral and Maxillofacial Radiology, and Pediatric Dentistry.   Whether a 
general dentist or a specialist in dentistry, all practitioners of the profession spend prolonged 
periods of time in static and awkward postures.  A search of the literature did not reveal whether 
one dental discipline is more prone to MSDs than another discipline.   




When one thinks of dentistry, workplace hazards do not immediately come to mind.  
However, dental personnel are open to numerous hazards from anesthetic gases and chemical 
exposure, bites, needle sticks, noise, and communicable diseases such as hepatitis and 
HIV/AIDs.  In addition, adverse mechanical stress is another major hazard that leads to MSDs.  
Age, gender, repetitive motion, visual demands, patient treatment, vibrating instruments, 
unsupported forearms, and psychosocial factors are all possible risk factors for the development 
of musculoskeletal pain (Bramson et al., 1998; Hayes et al., 2009; Lalumandier, McPhee, Parrott, 
& Vendemia, 2001; Leggat & Smith, 2006; Morse et al., 2010; Valachi & Valachi, 2003).   
Dentists perform a variety of tasks in the course of a day.  Some tasks such as waiting 
and standing and sitting office work do not include patients and constitute on average 38.8% of 
their day, according to one observational study over a four hour period (Jonker, Rolander, & 
Balogh, 2009).  While many have concluded the dental profession is subjected to a high rate of 
MSDs , others have concluded that dental workers are at low risk for ergonomically related  
disorders (Guay, 1998) and that regular periodic rest periods and job rotation are effective to 
reduce cumulative trauma disorders (CTDs).   This viewpoint is in the minority.   
Many areas of healthcare are often overlooked when studying the workplace for 
ergonomic issues, yet there are numerous opportunities for an examination of the workplace 
hazards and injuries in various healthcare professions; the field of dentistry is no exception.  Per 
Bramson et al. (1998) there is a dearth of published quantitative research on ergonomics in the 
dental office.  When studied, a high frequency of certain musculoskeletal disorders (MSDs) has 
been reported in this profession. 
In research funded by grants from several Swedish sources, including the Swedish Work 
Environment Fund, Akesson et al. (1999) explored the natural course of MSDs during a five year 




period for female dental personnel.  Survey findings, via the Nordic questionnaire, and individual 
diagnoses were used to compare and evaluate different methods for the detection of 
musculoskeletal disorders in a population.  Dental personnel were both surveyed and diagnosed.  
The findings were consistent with previous research which indicated work related MSDs are 
common among dentists, dental hygienists, and to some degree dental assistants (Åkesson, 
Lundborg, Horstmann, & Skerfving, 1995; Milerad & Ekenvall, 1990; Rundcrantz, Johnsson, & 
Moritz, 1991).  Dental work, a vision-demanding precision task, is characterized by work 
postures involving a prolonged static workload for the neck, shoulders, and arm (Akesson, 
Hansson, Balogh, Moritz, & Skerfving, 1997) for which there are limited possibilities for 
changing the work situations.   
Consistently studies have found the prevalence of pain in the neck/shoulders, 
elbows/hand/wrists, and lower back (LBP).  It is noted that some authors record hip pain rather 
than LBP.  Leg problems have also been found among dentists.  Among those in the Akesson et 
al. (1999) five year study that had experienced symptoms in year zero but not in year 5, there 
seemed to be a trend among dental personnel to recover from symptoms in the neck, shoulders, 
and elbows, but not from those in the hands.  The dental hygienists group was found to be at high 
risk for development of widespread MSDs.  Examinations of study participants revealed a large 
variety of different diagnoses mostly in the neck, and shoulder regions.  In the wrist/hand, carpal 
tunnel syndrome (CTS) was the most common among dental hygienists and dentists (Akesson et 
al., 1999).  This finding led to a discussion and proposal in Sweden at one time to combine the 
dental hygienist and dental assistant professions for purposes of research in order to attain more 
variation in work load and work content.  Knowledge of force, frequency or duration of tasks is 
also important (Bramson et al., 1998).   




Akesson et al. (1997) argued that more epidemiological studies combining direct 
exposure measurements and detailed clinical investigations were needed to assess 
exposure/response relationships.  They concluded that dentists needed not only functionally 
designed dental equipment, but also instruction and training in ergonomic principles as applied to 
dentistry.  As a preventive step, students, beginning with their undergraduate studies, should be 
trained to perform work within optimal postures and good habits.  Special attention must be paid 
to work postures and movement patterns that influence head and wrist positions and measures 
that lower the static load on shoulder muscles.  The idea of the need for awareness and 
ergonomic training has also been noted by others.  Didactic training on biomechanics and 
occupational stress has been included in the dental curriculum, yet the training on the 
applications of ergonomics given while attending dental school has been shown to be  inadequate 
(Guay, 1998; Thornton, Stuart-Buttle, Wyszynski, & Wilson, 2004).  
Some researchers (H. Dong et al., 2006; H. Dong, Loomer, Barr, et al., 2007; H. Dong, 
Loomer, Villanueva, & Rempel, 2007; Laroche, Barr, Dong, & Rempel, 2007) have found a 
significant interaction between the design of different dental instruments and physical workload 
in the lower arms, during simulated dental work.  Others have suggested there are other 
modifiers, such as production, psychosocial and individual factors that interact on 
exposure/response relationships.   
2.2.2 Epidemiology of MSDs in the upper extremities.  This research focuses on a  
select group of major muscles in the upper extremities, more specifically the muscles in the neck 
and shoulders.   Neck and shoulder pain are common complaints among the general population, 
being the second and third most common musculoskeletal complaints, respectively, after back 
pain in the primary care setting (Fish, Gerstman, & Lin, 2011).  Upper extremities include back, 




abdomen, neck, shoulders, upper arm, elbow, forearm, wrist, and hand.  The back is often 
separated and referred to as the upper back and lower back.  Likewise in research, the hand and 
wrist are often combined as hand/wrist.   The most injured body parts by nonpowered and 
powered hand tools are the upper extremities (59.3% and 51%, respectively), followed by back, 
trunk and lower extremities.   Fingers accounted for 56% of the upper extremity injuries or 
approximately 30% of all body parts (Aghazadeh & Mital, 1987).  Based on the literature, the 
injuries sustained by people in the dental professions most often are upper extremity injuries.  It 
is recognized that dentists suffer MSDs in the lower extremities – hip, knee, and foot, as well as 
the upper extremities, but at a much lower rate (Kierklo, Kobus, Jaworska, & Botulinski, 2011).   
Although the focus of this research will be the neck and shoulders, it is recognized that 
there is a link between all members of the body.  Due to this linkage, pain or discomfort in the 
neck or shoulders can be associated with some other body region.   
2.2.2.1 Hand/wrist disorders and risk factors.   One of the most common sites in the  
upper extremity for the occurrence of CTD is the wrist.  Several studies have addressed carpel 
tunnel syndrome (CTS) in the dental profession.  Most often the focus has been on dental 
hygienists where the prevalence of CTS ranged from 1% to 54% (Lalumandier & McPhee, 
2001).  The occurrence in dentists is lower.   
It is believed that the vibration in many hand held tools, instruments, or work pieces may 
cause a complex of vascular, neurological and musculoskeletal disturbances. A study conducted 
by Åkesson et al. (1995) investigated the occupational risk of development of neurological and 
functional disturbances of the hands among dental hygienists and dentists who use hand held 
tools with high frequency vibrations.  Associations between different outcome variables were 
analyzed, as well as possible associations with mercury exposure and musculoskeletal 




symptoms.  Female dentists and dental hygienists were compared with a control group of dental 
assistants and medical nurses.   
The study found that it is likely that the main part of subjective and objective hand 
phenomena were caused by vibration and not musculoskeletal loads associated with work.  
Participants had a severe decrease in strength, and impairment in tactile sensitivity and 
performance was notable, but not severe.  This was seen as a serious problem for dentists and 
dental hygienists, since these professions require excellent hand function—precision, sensibility, 
fine manipulation, and grip force.  Dentists were more affected than hygienists.  Given that 
dentists and hygienists use vibrating tools about 75 minutes a day, the researchers found this to 
be particularly serious.  Their recommendation was that dental devices with lower exposure to 
vibration must be developed (Åkesson et al., 1995).    Other than vibration, work related risk 
factors associated with CTDs include 1) repetition, 2) high force, 3) awkward joint posture, 4) 
direct pressure,  and 5) prolonged constrained posture (Lalumandier & McPhee, 2001).    
2.2.2.2 Neck and head muscles.  The head is moved from muscles originating from the  
axial skeleton.  The 206 bones in the human skeleton are divided into two groups:  axial and 
appendicular.  Axial skeleton bones are the bones that form the long axis of the body, and 
include the bones of the skull, vertebral column, and the rib cage.  These bones are generally 
involved with protecting, supporting, or carrying other body parts.  The head is moved from 
muscles originating from the axial skeleton.  The major flexors are the sternocleidomastoid 
muscles (though two other muscles - the suprahyoid and infrahyoid – are synergists in this 
action).  Lateral head movement is affected by the sternocleidomastoid muscles and some deeper 
neck and verterbral column muscles.  Head extension is aided by superficial trapezius muscles, 




though the splenius muscles bear most of the responsibility (Marieb & Hoehn, 2007).  Some 
researchers when studying head movement will refer to the neck as well as the head.   
The neck is the part of body that connects the head to the trunk.  It extends from the base 
of the cranium to the top of the shoulders.  There are three superficial muscles of the neck - the 
platysma, sternocleidomastoid, and trapezius.  These muscles are shown in Figure 2.5.  Though a 
neck muscle, the platysma is also a head muscle that plays a role in facial expression.   It is not 
of much interest in this research.   
The sternocleidomastoid, located on both sides of the neck, is a key landmark that divides 
that neck into two major divisions, the posterior triangle and the anterior triangle.  When the 
sternocleidomastoids act together they bring the head forward (head flexion). These muscles are 
also used to raise the head when the body is in a supine position, and when the head is in a fixed 
position, they elevate the thorax.  When the muscles act independently, they tilt or laterally flex 
the head to its own side, or each muscle rotates the head toward the opposite shoulder (Gray's 
Anatomy, 2008).   
The trapezius is an elongated, flat, and triangular shaped muscle extending from the top 
of the neck to the middle back.  It is the most superficial muscle of the posterior thorax.  Its 
fibers run superiorly, horizontally, and inferiorly to the scapula.  It stabilizes, raises, retracts 
(adducts) and rotates the scapula, extends the head when the scapula is fixed, or it depresses the 
scapula and shoulder.  For this research the muscles of concern are the trapezius and the 
sternocleidomastoid muscles.  These most superficial neck muscles will allow for the measure of 
muscle activity when the head is flexed, extended, rotated, or moved laterally (Marieb & Hoehn, 
2007).  Additional descriptions and actions for these two muscles are presented in Table 2.2.   
 





Figure 2.5. Muscles of the face with neck muscles shown ("Muscles of facial expression,"). 
Table 2.2  
Superficial Neck and Shoulder Muscle Description and Action (Marieb & Hoehn, 2007) 
Muscle Description Action 
Sternocleidomastoid Two headed muscle; 
key muscular 
landmark in neck 
Prime mover of active head flexion; 
simultaneous contraction of both causes neck 
flexion; acting alone, each muscle rotates head 
toward shoulder on opposite side and tilts or 
laterally flexes head to its own side; spasms of 
one of these muscles may cause torticollis 
(wryneck) 
Trapezius Most superficial 
muscle of posterior 
thorax 
Stabilizes, raises, retracts, rotates scapula; 
superior fibers elevate scapula or can help 
extend head with scapula fixed; inferior fibers 
depress scapula; coordinates with serratus 
anterior muscle rotational movement; 
antagonists in forward/backward movements 
of scapulae    
 




In a study conducted by Akesson et al. (1997) the work load in neck and upper limbs of 
female dentists was assessed.  This study of twelve right handed dentists (six with and six 
without a history of disorders, pair-wise matched for age), used electromyography (EMG) to 
quantify the muscular load of the shoulders bilaterally and in the right forearm.  Inclinometers 
and electrogoniometers were used to measure positions and movements of the head and wrists.  
The results showed that dental work implied steep forward bending of the head.  Ninety percent 
of the time (10
th
 percentile), the head was forward tilted ≥ 17°, half the time ≥ 39°,  and ten 
percent of the time ≥49°.  Sideways bending of the head was symmetrical, and centered around 
an almost neutral position (5° to the left).    Angular velocities for the head were low.  For at 
least 10% of the time, the head was held in an almost fixed position ( .1°/s) and the median 
forward/backward velocity was 4.2°/s.  The velocities of C7-T1 were lower than those of the 
head.  Work in the upper or lower jaw influenced the direction of side bending of the head and to 
some extent C7-T1.   
Jonsson (1982) suggested a maximum acceptable “static” load of 5% muscular voluntary 
contractions (MVCs) related to maximum force/torque, a median load of 14%, and a peak load 
of 70%.  Akesson et al. (1997) found both the “static” and median loads, for both right and left 
middle trapezius, exceeded the recommendations by Jonsson, while peak load did not.  Although 
dental work is not considered to be demanding or of extremely high force, the “static” and 
median muscle activities are high and might be a risk factor for developing disorders. 
2.2.2.3 Neck disorders and risk factors. Musculoskeletal discomfort in the neck has been  
associated with a variety of occupations and types of work, from those categorized as physically 
demanding to those that are fairly static, such as dental work (Sommerich, Joines, Hermans, & 
Moon, 2000).  Diagnoses of tension neck syndrome are common among workers with static 




work postures.  Yet, other diseases of the neck-shoulder that are common in occupations that are 
physically demanding, such as cervical spondylosis and shoulder joint osteoarthritis have been 
diagnosed  at a high prevalence rate in dentistry (Hagberg & Wegman, 1987).   
For one group of sedentary workers, after an ergonomic intervention, there was an 
increase in the number of times a minute that the trapezius muscle activity was lowered to below 
1% maximum voluntary contraction (MVC).  The group reported significantly less intensity or 
duration of pain in the neck and shoulder region.  The results from the study indicated that the 
trapezius load may be a predictor for development of MSDs in the neck and shoulder regions 
(Aaras, 1994).   In one study (Milerad & Ekenvall, 1990), female dentists reported neck 
symptoms 1.4 times more often than male dentists.    This higher prevalence of neck pain among 
females is not unique among dentists; other studies of people in other professions have also 
reported the same finding.  In a study of academic staff at a Hong Kong University, T. T. W. 
Chiu et al. (2002) reported that of the 150 participants (94 male and 56 females) 70 respondents 
reported having neck pain.  The prevalence of neck pain among females and males was 60.7% 
and 38% respectively.  Length of employment, forward head posture (FHP) during computer 
processing, and the number of rest periods during computer work were found to be risk factors 
for occupational neck pain in the T. T. W. Chiu et al. (2002) study.  Age was not found to be a 
risk factor.  This finding is consistent throughout many studies.  In another study of 672 full-time 
secondary teachers in Hong Kong, Chiu et al. (T. W. Chiu et al., 2006) found gender, low 
colleague support and job stress to be significant factors influencing the development of neck 
pain since becoming a teacher.  An assessment of life-long prevalence of neck pain was 77.8% 
for females and 53.9% for males. Prevalence of neck pain since becoming a teacher was 62.4% 




and 45.2%, females and males respectively.  A summary of the risk factors and disorders 
discussed in this section are summarized in Table 2.3. 
Table 2.3  
List of Risk and Diseases Factors Influencing Neck Pain   
Risk factor Neck diseases/disorders 
Gender (more prevalent in females) Tension neck syndrome 
Forward head posture (FHP) Cervical spondylosis 
Job stress Shoulder joint osteoarthritis 
 Torticollis (wryneck) 
 
2.2.2.4 Shoulder. The shoulder consists mainly of two bones, the scapula and the  
humerus bones (some sources include a third bone, the clavicle) and is associated with muscles, 
tendons and ligaments.  Its major joint, the shoulder (glenohumeral) joint is the most freely 
moving joint of the body and is one of the most biomechanically complex joints in the human 
body.  The fine balance between flexibility and stability makes the shoulder susceptible to injury.  
A total of nine muscles - the deltoid, supraspinatus, infraspinatus, subscapularis, teres major, 
teres minor, latissimus dorsi, pectoralis major, and the coracobrachialis – cross each shoulder 
joint to insert on the humerus.  The pectoralis major and deltoid can be seen in Figure 2.6.   With 
the exception of the coracobrachialis (a small cylindrical muscle) which is not identified, the 
other muscles are shown in Figure 2.7 and Figure 2.8.   
Each of the shoulder muscles and the actions they perform are listed in Table 2.4.  Only 
the superficial pectoralis major, latissimus dorsi, and deltoid muscles are prime movers of arm 
movement.  All others are fixators and synergists.  Four muscles in the shoulder – supraspinatus, 
infraspinatus, teres minor, and subscapularis, are known as rotator cuff muscles. Their main 




function is to reinforce the shoulder capsule and prevent dislocation of the humerus (Marieb & 
Hoehn, 2007).   Of these four muscles only the supraspinatus and the infraspinatus are superficial 
enough to measure.   
 
 
Figure 2.6. Shoulder muscles from an anterior view ("Shoulder: human shoulder muscles,"). 
 
 
Figure 2.7. Shoulder muscles shown as part of upper arm ("Arm: muscles of the upper arm,"). 





Figure 2.8. Muscles crossing shoulder featured in as part of back muscles ("Erector spinae: 
muscles of the back,"). 
Table 2.4  
List of Muscles Crossing the Shoulder (Chung, 2000; Marieb & Hoehn, 2007) 
Muscle Origin Insertion Nerve Action 
Deltoid Lateral third of 
clavicle, 
acromion, and 




Axillary Middle region prime 
mover of arm 
abduction, adducts, 
flexes, extends, and 
rotates arm medially 
and laterally; 
antagonist of 
pectoralis major and 
latissimus dorsi 
Supraspinatus Supraspinous 














Middle facet of 
greater tubercle 
of humerus 
Suprascapular Rotates arm 
laterally; helps hold 
head of glenoid 
cavity; stabilizes  
   




Table 2.4  
Cont. 
Muscle Origin Insertion Nerve Action 
Infraspinatus 
Cont. 









Adducts and rotates 
arm medially; 
rotator cuff muscle 






















Axillary Rotates arm 
laterally; helps hold 
head of glenoid 
cavity; stabilizes 
arm; rotator cuff 
muscle 










Thoracodorsal  Powerful adductor, 






































The shoulder represents a system in which six external moments and forces acting about 
the point of rotation can be measured.  It takes many more internal forces (over thirty muscles 
and ligaments) to counteract the external moments.   Movements of the shoulder joints are shown 




in Table 2.5.  Muscle shoulder actions noted by one author and not the other are denoted with a 
footnote that credits the appropriate author.   
Previous research has shown that shoulder muscle activation is influenced by hand tasks 
and upper limb posture.  R. L. Brookham, Wong, and Dickerson (2010) conducted a study of 
five muscles – deltoid, trapezius, infraspinatus, pectoralis major, and latissimus dorsi - with the 
objective of documenting the influence of shoulder flexion and humeral rotation on shoulder  
Table 2.5  
Summary of Movement of the Shoulder Joint with Primer Movers (PM) Noted (Chung, 2000; 
Marieb & Hoehn, 2007) 
Actions at the shoulder 
Muscles Acting 
on the Arm 
(Humerus) 





Pectoralis major X (PM) 
(clavicular 
part) 
  X (PM) X  
Latissimus dorsi  X (PM)  X (PM) X  












Subscapularis     X (PM)  
Supraspinatus   X    





Teres minor    X
2
(weak)  X 







Coracobrachialis X   X
2 
  
Biceps brachii X      
Triceps brachii    X
2
   
1
 Cited only by Chung; 
2
 Cited only by Marieb and Hoehn 
muscle activity during submaximal hand exertions tasks (similar to light hand tool tasks).  The 
hand grip used was a power grip at 30% maximum voluntary contraction (MVC) at an accepted 
ergonomic guideline (Canadian Centre for Occupational Health and Safety, 2007) for low level 
push force of 13N.  Their findings point out that, in general, there was an increase in muscle 




activation for all muscles, as the degree of shoulder flexion increased.  Exceptions were a 
decrease in mean muscle activation levels of the anterior and middle deltoid and the middle and 
superior trapezius at 90° shoulder flexion during 45° external rotation.  This muscle activation 
pattern can be seen in Figure 2.9 and Figure 2.10 for shoulder flexion and humeral rotation 
respectively.  Figure 2.11 and Figure 2.12 are graphical depictions of the mean muscle 
activations during exertions involving neutral and external rotation postures.   
Figure 2.9. Mean muscle activation levels during shoulder flexion (0°, 60°, 70°, 80°, 90°) 
(Brookham et al., 2010). 





 Figure 2.10. Mean muscle activation levels during humeral rotation (Brookham et al., 2010). 
 
Figure 2.11. Demonstration of the mean muscle activation levels during exertions involving 45° 
external rotation (Brookham et al., 2010). 
 





Figure 2.12. Demonstration of the mean muscle activation levels during exertions involving 
neutral humeral rotation (Brookham et al., 2010). 
2.2.2.5 Shoulder disorders and risk factors. Differentiating between neck and shoulder  
pain can be challenging as both share symptoms and physical examination findings. There are 
injuries that can be classified as primary shoulder pathology (Table 2.6), such as rotator cuff 
tendionapathy and acromioclavicular (AC) joint arthropathy, sometimes referred to as 
osteoarthritis of the AC joint (Fish et al., 2011).  All can stem from overuse of the shoulder.  The 
differential diagnoses of the neck and shoulders is extensive and results of self-reported surveys 
carry some risk of misinterpretation or misdiagnosis as neck pain is at times reported as shoulder 
pain and vice versa.     
Several variables have been identified as risk factors for shoulder pain, including FHP, 
highly abnormal sustained posture of the cervical spine, repetitive use of the arm, and work with 
the arm in an elevated position (Weon et al., 2010).  Studies have found that when performing 
repetitive arm tasks the power out decreases, the shoulder becomes impaired, and that for tasks 
performed at or above the shoulder height the shoulder elevators are most sensitive to fatigue  




Table 2.6  
List of Risk Factors Influencing Shoulder Pain 
Risk factor Shoulder diseases/disorders 
FHP Rotator cuff tendionapathy 
Highly abnormal sustained posture of cervical 
spine 
Acromioclavicular (AC) joint 
arthropathy 
Repetitive use of the arm  
Work with the arm in an elevated position  
 
induced by the repetitive arm tasks (Fuller, Lomond, Fung, & Cote, 2009; Lomond & Cote, 
2011). 
2.2.2.6 Additional disorders and risk factors.  In their study of 100 dentists vs. 100  
pharmacists, Milerad et al. (1990) pointed out additional disorders that manifest themselves in 
the upper extremities.  These upper arm and elbow disorders are usually localized in the 
dominant arm.  One of the most commonly reported elbow disorders reported among dentists is 
lateral epicondylitis (also known as tennis elbow), 7%, all on the dominant side.  Still another 
12% of the dentists had symptoms in the forearm.  Ten percent of these were concomitant with 
neck and shoulder symptoms, the other 2% were not.  One incident reported more by female 
dentists than male dentists is Raynaud’s phenomenon (a constriction of blood supply to the 
hands).  This phenomenon was more frequently bilateral as opposed to localized.  More than half 
of those with Raynaud’s phenomenon had neurological symptoms in the same hand or hands 
(Milerad & Ekenvall, 1990).    
2.2.2.7 Trunk.  The human trunk, also called the torso, is the body excluding the head  
and appendages (extremities) ("Mosby's Dictionary of Medicine, Nursing, & Health 
Professions," 2006; "Stedman's Medical Dictionary for the Health Professions and Nursing ", 
2008) .  One part of the trunk is the back.  The deep or intrinsic back muscles associated with the 
bony vertebral column affect trunk extension.  These muscles extend from the sacrum to the 




skull and work collectively to extend the spine and when contracting on one side cause lateral 
bending of the back, neck, and head.  Superficial back muscles are concerned primarily with 
movements of the shoulder girdle (scapula and clavicle) and upper limbs (Marieb & Hoehn, 
2007).   
There are occupations in which workers maintain a forward flexed posture for prolonged 
periods of time.  Nordin et al. (Nordin, Ortengren, & Andersson, 1984) studied flexion 
movements in three occupations – dentists, nurses’ aides, and warehouse workers – evaluating 
how movement differed among the occupations.  They looked at the trunk movements in the 
sagittal plane (forward flexion), because of the frequency of these movements and the large loads 
they place on the lumbar spine.  Looking at 18° intervals, they found that within one hour, 
dentists spent 52.2 minutes in a forward flexed position of 0-36° and 7.7 minutes in a trunk 
flexion of 37-54°.  Nurses’ aides and warehouse workers spent 48 and 50.1 minutes in forward 
trunk flexion of 0-36° respectively and 7.0 and 4.8 minutes respectively at 37-54° flexion.     
2.3 Ergonomic Assessment Tools of the Upper Extremities 
2.3.1 The interview.  Engineering and the scientific community depend largely on 
predictable, empirical, objective, hypothesis driven, quantitative, statistically significant, and 
generalizable methodologies or positivism. Yet the interview, understood as a qualitative 
method, stands as a respected form of data collection that is seen as participatory and 
collaborative (Hammersley & Atkinson, 2007).  This method of inquiry allows for discovery, 
verification of theories, exploration of multiple viewpoints (Denzin & Lincoln, 2005), and the 
development of knowledge through a more holistic and ethnographic form of research. In phase 
one of this research, a pilot study affords the opportunity to observe and interview participants 
who are experts in their field to collect needed information on symptoms and risks.  Following 




Rosaldo (1993), the inputs of these informants are viewed as one level of analysis in their own 
right.   
2.3.2 Postural analysis.  There are several tools available for the assessment of 
posture.  Often times, the initial step is to determine whether the persons under study can share 
some information about any discomfort or pain they may experience.  This information is 
frequently collected via passive surveillance methods such as self-reported questionnaires or 
some other form of reporting – files, medical records, accident reports.  For any generalizations 
that can be made from prior research, a review of the literature is conducted.  This is followed by 
the active surveillance phase which can include the observation of participants and video 
recordings.    
Once surveillance is completed, intervention or assessment tools can be utilized.  Of 
possible interest in this research are the work related musculoskeletal disorder (WRMSD) risk 
assessment tools which can help identify problems before they result in costly injuries.  Several 
observational methods exist that allow for postural evaluation.   
One such method is what is referred to as “posture targeting” developed by Corlett et al. 
(1979, as reported by Chaffin, Andersson, and Martin (2006)).  The procedure requires a job 
analyst to observe a worker randomly several times a workday.  This method uses a body 
diagram that shows a target adjacent to its associated body part.  When a person deviates from an 
erect anatomical position, a job analyst notes the current position by marking the neighboring 
diagram with an X.   By counting the number of Xs in a certain zone or observing how the marks 
cluster together, insight can be gained on potentially stressful postures.  In order to work well, 
the observer has to quickly summarize the observed posture (Chaffin et al., 2006).   




Another postural observation system, the Ovaco Working Posture Analysis System 
(OWAS),  was developed in Finland by Karhu (1977, 1981  as reported by Chaffin et al. (2006)).  
OWAS is a two part method which identifies and evaluates unsuitable working postures.  Part 
one requires the evaluation of posture via an observation technique in which the observer records 
the percentage of the working time during which a person is observed in the potentially harmful 
postures depicted in Figure 2.13.  Part two uses experienced workers and ergonomic experts to 
propose a set of action levels that are recommended based on the percent of time a person spends 
in a given posture.  The emphasis is on the avoidance of discomfort caused by working in a 
particular posture too long.   
There are a number of other postural assessment tools.  Each has its advantages and 
disadvantages.  Some can be implemented with pencil and paper, while others require the use of 
computers and video cameras.  Some are easy to learn and others require extensive training.  A 
 
Figure 2.13. OWAS reference figures and action categories – mixed static and dynamic work 
activities (Chaffin et al., 2006). 




brief summary of the advantages and disadvantages of some postural assessment tools are 
discussed in Table 2.9.   
2.3.3 Intervention tools.  There are a number of intervention tools.  The intent of  
these epidemiological tools is to analyze a number of factors and to determine whether certain 
tasks go beyond a recommended limit for safe operation.  A few of these intervention tools are 
discussed below.  Their advantages and disadvantages are briefly discussed in Table 2.9. 
An internationally accepted intervention method for manual tasks is the National Institute 
for Occupational Safety and Health (NIOSH) Lifting Equation (LE).  This equation was the 
result of a 1981 report that stated that more than 60% of workers suffered from low back pain 
that was due to overexertion on the job.  The NIOSH LE is used to determine a lifting index (LI), 
an index of relative physical stress associated with manual material handling.  Its inputs are 
horizontal distance to the load from the spine, vertical location of the input, vertical travel 
distance to the lift, frequency of lift, angle of asymmetry of the lift, lifting frequency, quality of 
the coupling, and weight of the actual load being lifted (Hamrick, 2006).  The NIOSH LE is 
designed for occupations that involved dynamic movement and is less suitable for static 
occupations.   
Rapid Upper Limb Assessment (RULA) and Rapid Entire Body Assessment (REBA) are 
two quick assessment tools that allow a quick analysis of the musculoskeletal system.  REBA 
was designed to provide a quick and easy observational postural analysis for whole body static 
and dynamic activities.  RULA was designed to provide a rapid objective measure of 
musculoskeletal risk caused mainly by sedentary tasks where upper body demands were high.    
It accounts for posture, force, and repetition of the neck, trunk and legs.  Another postural 
analysis tool, loading on the upper body assessment (LUBA), is a macropostural technique.  This 




method is based on experimental data for perceived discomfort, expressed as numerical ratio 
scores for a set of joint motions, including the hand, arm, neck, and back. It can apply to seated 
or standing posture.   The developers of this tool created relative discomfort scores by joint 
motion.  A score of one for a class of angle positioning indicates little to no discomfort.  A 
discomfort score of 10 has ten times the discomfort magnitude of a score of 1.  The postural 
classification schemes for the neck and shoulder are presented in Table 2.7 and Table 2.8.   
Table 2.7  
LUBA Postural Classification Scheme for the Neck (Kee & Karwowski, 2006) 
Posture and Discomfort Score 
 Sitting Posture  Standing Posture 
Joint Motions Class Relative Discomfort 
Score 
 Class Relative Discomfort 
Score 
Flexion 0-20° 1  0-20° 1 
 20-45° 3  20-45° 3 
 >45° 5  >45° 5 
      
Extension 0-30° 1  0-30° 1 
 30-60° 6  30-60° 4 
 >60° 12  >60° 9 
      
Lateral 
bending 
0-30° 1  0-30° 1 
 30-45° 3  30-45° 2 
 >45° 10  >45° 7 
      
Rotation 0-30° 1  0-30° 1 
 30-60° 2  30-60° 2 
 >60° 8  >60° 8 
 
Another upper extremity assessment tool is the Strain Index.  It was developed by Moore 
and Garg (1995) to assess the risk of upper extremity MSDs based upon physiological, 
biomechanical, and epidemiological literature.  It was designed to assess jobs and not people.   It 
predicts a spectrum of upper extremity MSDs, but not specific disorders.  Its inputs are intensity 
of exertion, duration of exertion, efforts per minute, wrist posture, speed of exertion, and  




Table 2.8  
LUBA Postural Classification Scheme for the Shoulder (Kee & Karwowski, 2006) 
Posture and Discomfort Score 
 Sitting Posture  Standing Posture 
Joint Motions Class Relative 
Discomfort Score 
 Class Relative Discomfort 
Score 
Flexion 0-45° 1  0-45° 1 
 45-90° 3  45-90° 3 
 90-150° 6  90-150° 6 
 >150° 11  >150° 11 
      
Extension 0-20° 1  0-20° 1 
 20-45° 4  20-45° 4 
 45-60° 9  45-60° 6 
 >60° 13  >60° 10 
      
Adduction 0-10° 1  0-10° 1 
 10-30° 2  10-30° 2 
 >30° 8  >30° 8 
      
Abduction 0-30° 1  0-30° 1 
 30-90° 3  30-90° 3 
 >90° 10  >90° 10 
      
Medial 
Rotation 
0-30° 1  0-30° 1 
 30-90° 3  30-90° 3 
 >90° 10  >90° 10 
      
      
Lateral 
Rotation 
0-30° 1  0-30° 1 
 30-60° 2  30-60° 2 
 >60° 8  >60° 8 
 
duration of task per day.  Each of the measures is assigned a rating value which is then converted 
to multipliers using a provided table.  The multipliers are multiplied together to obtain a final 
index.  The strain index uses qualitative and quantitative input variables (Hamrick, 2006) .   
There are numerous other assessment tools and checklists, in addition to the above named 
assessment tools.  Each intervention tool has merit, and is applicable under certain conditions, 




but they are not specifically designed for jobs where movement and lifting are considered 
minimal and manual lifting is nearly nonexistent.   
The above intervention and assessment tools supply an external view of body movement 
or activity.  For workers whose occupations require prolonged static positions, it is likely more 
beneficial to observe the muscle contractions that take place to sustain the position.  To obtain 
this information, the electromyographic signal (EMG) of muscle activity is observed.   Other 
devices like the lumbar motion monitor (to capture instantaneous position, velocity and 
acceleration), a motion tracking system (to capture positioning), and the dynamometer (joint 
evaluation) are useful under the correct circumstances.  The advantages and disadvantages of the 
different ergonomic assessment tools is shown in Table 2.9. 
Table 2.9  







 Common disadvantage  for 
quantitative assessment tools 
is their narrow applications 
 
Ovako working posture 
analysis system (OWAS) 
Quick analysis requiring little 
to no training 
 
Can be a paper or computer 
system 
 






unambiguous answers can 
lead to over-simplification of 
results 
 
Only two shoulder postures 
rated  
 
No information on the other 
upper limbs 
 
Upper limb checklist Requires little training 
 
Some responses are of a 
qualitative nature which 
lends itself to user 
interpretation 
   










Upper limb checklist Can rapidly find potentially 
harmful exposures to upper 
extremity risk factors 
 
Considers force in the 
evaluation 
 
Arm and shoulder postures 
considered, in addition to 
pinch and wrist deviation 
 
Strain index No equipment required 
 
Flexible in identifying the 
types of measurement that 
can be used to obtain some of 
the task variables 
 
Accurately identifies jobs 
associated with distal upper 
extremity disorders 
 
Index only applies to the 
distal upper extremity 
 
Predicts a spectrum of upper 
extremity MSDs, but no 
specific disorders 
 
Requires qualitative ratings 




RULA. Allows investigation of 
exposure of individual 
workers to risk factors 
associated with work related 
upper limb disorders  
 
Consequences of time not 
considered in risk factor 
ratings 
 
OCRA index of exposure Detailed exposure assessment 
tool for upper limbs 
 
Calculates the allowed 
motions 
Complex procedure 
involving multipliers for risk 
factors 
 
Rather complicated index to 
calculate 
 
NIOSH lifting equation 
(LE) 
Developed for a static model 
(dentists maintain static 
postures throughout the day) 
Will not apply if 
lifting/lowering occurs with 
one hand (dental instruments 
typically require only a one 
hand lift) 
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NIOSH lifting equation 
(LE)  Cont. 
Considers multiple variables 
for twisting of the trunk, type 
of hand grasp and the 
frequency of lifting for job 
durations over a shift   
 
Applies to an eight hour shift 
(dentists not confined to 8 
hours) 
 
Will not work if person 
seated or kneeling (most 
dentist sit at least 75% of the 
time during the day) 
 
Will not work in a restricted 
workspace (dentists typically 
operate in a confined 
workspace, requiring very 
little movement, except when 
reaching for instruments) 
 
Digital human models – Can be used to perform the 
analyses for complex 
situations such as awkward 
posture and a difficult reach  
 
Possible to construct and 
numerically validate highly 
complex biomechanical 
models for specific exertions 
when fully dynamic models 
of the body needed 
 
Uses statistical models of 
motion, inverse kinematics 
and biomechanical models 
 
Considers size, shape and 
posture of humans and 
motions for ergonomic 
analysis 
 
Initial outlay of cash required 
 
Learning curve can be steep 
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Digital human models –  
Cont. 
Can simulate multiple 
scenarios without impacting 
or putting humans at risk 
 
 
Empirical studies    
Motion capture/tracking – 
posture and motion analysis  
(photogammetry or 
magnetic field based) 
Produce a lot of data of 
certain anthropological points 
(several times per second) 
 
Markers (sensors) provide 
positional information to 
system 
 
Nonintrusive as connects to 
surface of skin 
 
Can be extremely accurate 
 
Minimum calibration if using 
magnetic field 
 
Amount of data to be 
analyzed can be 
overwhelming 
 
Can hinder natural 
movement if sensors placed 
incorrectly or sensor lines 
limited 
 
Markers do not carry any 
identification information 
 
Can have hidden or ghost 
markers that can be due to 
noise 
 
Interference from metal 
products (an actual dental 
environment has a lot of 
metal) 
 
Data can be noisy  
 
Electromyography (EMG) 
– measures muscle activity 
(force) 
Good for measuring static 
activities (Dentistry is a static 
environment) 
 
Will be able to detect the 
change in exertion (resulting 
in more muscle force 
generated) 
 
Not suitable to measure free 
dynamic lifting activities 
 
Data can be noisy 
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– measures muscle activity 
(force) 
Cont. 
Collects action potential from 
all directions  
 
Nonintrusive as connects to 
surface of skin 
 
Produce a lot of data of 
certain anthropological points 
(several times per second) 
 
 
Goniometry  - simple 
manual or electronic) 
Measure angles (good for 
determining shoulder, back, 
neck elbow angles) 
 
Can be difficult to align  
 
Soft tissue motion can cause 
device to shift 
causing/inducing errors 
 
Lumber motion monitor 
(LMM) 
Dynamic measurement  
 
Not limited to an 8 hr day  
 
Measures the position of the 
thoracolumbar spine in 3-D.   
 
Can track its position, 
velocity and acceleration  
 
Trunk motion information 
used in LBD risk model is 
automatically stored in the 
data collection software 
 
Movement by the 
dentists/participants can 
cause the device to shift 
relative to the skeleton 
(spine) 
Device is cumbersome and 
can cause participants to alter 
normal motion 
 
Lift rate and maximum 
moment have to be 
determined and input 
manually into the system 
 
*Static anthropometry  - 
anthropometer, tape 
measure, scale 
Instruments and procedures 




Each measurement and tool 
must be selected in advance; 
otherwise participant has to 
be called back (if possible) 
 
Manual measurements make 
it more prone to human 
measurement error  
 










Video/computer methods Can record the 3-dimensional 
aspects of the human body 
 
Can be reviewed repeatedly  
 
New areas of interest not 
originally  in plan can be 
added to the study 
 
If video shoot not planned 
correctly, might be difficult 
to add new areas of interest 
at a later time 
 
Multiple cameras have to be 
managed simultaneously 
 
Dynamometer Built in functions for the 
elbow, shoulder, trunk, and 
forearm wrist 
 
Capable of multi-joint 
evaluation 
 
Connectivity to EMG 
possible 
Learning curve required to 
become proficient with the 
extensive functionality 
 
Has no built in functions for 
assessing the neck 
 
2.4 Muscle Coactivation  
2.4.1 Muscle coactivation index.  A particular muscle does not act or contract in 
isolation of all other body muscles.  This action/reaction relationship between muscles causes 
muscle inefficiency.  One of the reasons for this inefficiency is muscle cocontraction or 
coactivation.  (The terms cocontraction and coactivation appear to be used interchangeably in the 
literature.)  Cocontraction, the simultaneous activation of antagonist muscles around a joint, 
provides the nervous system with a way to adapt the mechanical properties of the limb to 
changing task requirements – both in statics and during movement (Gribble, Mullin, Cothros, & 
Mattar, 2003).  Cocontractions can occur in many pathologies, such as hemiplegia and spastic 
cerebral palsy, but it can also occur to a limited extent during normal movement when it is 




necessary to stabilize a joint.  The cocontraction is measured using electromyography (EMG) of 
antagonistic muscles (Hui Dong, 2006).  
Several researchers have created cocontraction equations to measure the activity of two 
or more muscle groups involved in a movement.  The cocontraction index (CI) could be used to 
examine coactivation patterns as the movement progresses and to compare coactivation between 
different subject groups or multiarticular movements.  Previous researchers have studied 
coactivation of muscles in the back, shoulder, elbow, arm, knee, and neck (Andrade, Araujo, 
Tucci, Martins, & Oliveira, 2011; Danna-Dos-Santos, Degani, & Latash, 2007; Gribble et al., 
2003; Gribble & Ostry, 1998; Kellis et al., 2003; Oksanen et al., 2008). 
Kellis et al. (2003) evaluated four methods for calculating the coactivation index.  
Though each gave a different level of coactivation they each provided a quick indication of the 
amount of simultaneous activation during the movement under study, thus offering a picture 
conclusion regarding coactivation compared to the examination of raw and normalized EMG 
data of the antagonistic muscle groups.  While the EMG of two muscles cannot be directly 
compared, the CI provides a way to express the relationship between the activity of two muscles 
as the movement progresses.  Kellis et al. concluded that one method, the Falconer and Winter 






























IICI   
was a more solid and appropriate method to use for their study, where coactivation around the 
knee in drop jumping was studied.  (It should be noted that t1 and t2 denote the period where the 




muscle 1 EMG is less than the muscle 2 EMG and t2 and t3 denote the period where the muscle 2 
EMG is less than the muscle 1 EMG.) 
In his text, Winter (Hui Dong, 2006) presented slightly different versions of the above 










antagM  and agonM are the moments of force of antagonists and agonists respectively.  Most 
movements involve continually changing muscle forces.  An agonist muscle at the beginning of 
the movement will likely reverse its role and become the antagonist later in the movement.  
Therefore, joint moments of force reverse their polarities many times, thus calling for a 









When EMG is the primary measure of relative tension in the muscle, the raw EMG can be 
processed to yield a tension-related activation profile (Hui Dong, 2006). 
Beach et al. (Beach, Coke, & Callaghan, 2006), used normalized EMG signals and the 
above equation to quantify trunk muscle coactivation and found that the addition of precision 
placement demands in a repetitive lifting task resulted in greater cumulative lumbar spine loads.  
The data revealed that the peak lumbar spine loads, occurring at the beginning and end of single-
lift exertions, were more dependent on posture than on body mechanics.  In addition, the data 
showed that upper limbs adapted to precision placement; the shoulder and elbow 
flexion/extension velocities decreased in response to precision responses, whereas, trunk 
flexion/extension velocities did not differ.  Gribble et al. (2003) used two methods to estimate 




cocontraction of seven muscles during movement for shoulder, elbow, and biarticular muscle 
pairs by examining tonic EMG levels after movement and “wasted cocontraction” to measure 
changes in the magnitude of antagonist muscle coactivation between movement start and end.  
Both methods gave highly consistent results and the findings showed that as target size 
decreased, cocontraction in shoulder, elbow, and biarticular muscles increased, and measures of 
movement error decreased.  Findings of interest in another study by Gribble and Ostry (1998), 
include the discovery that shoulder muscle coactivation was independent of the coactivation of 
elbow and double-joint muscles. In addition, they found that tonic activity was higher after 
movements in which the joints moved in the same direction (swing) versus after movements 
where the joints moved in the opposite direction (reach).   
Another coactivation equation proposed by Hammond et al. (1988, as reported by 
Andrade et al. (2011)) considers the proportion of antagonist activity to the total EMG activity 








This method is simple and straightforward when measuring a pair of muscles.  Numerous 
techniques have been employed to calculate muscle coactivation.  As shown in the comparison 
study by Kellis et al. (2003), different coactivation indexes can give different results, but they all 
give a snapshot of the amount of simultaneous activation during the movement under study.   
2.4.2 Low level static exertions.  Epidemiological studies have identified low level 
static exertions as a risk factor for developing cumulative trauma disorders.  People employed in 
occupations requiring high static levels in the neck and shoulders have been found to have high 
levels of MSDs (Sjogaard & Jensen, 2006).  In the 1970s it was believed that static contractions 
of 15% MVC were tolerable for an unlimited period of time.  Later studies showed that if a 




contraction was to be held for one hour, the tolerance level should be lowered to 8% MVC; this 
recommendation was later changed to 2 to 5%.  Still finding frequent MSDs in jobs with static 
levels at the 2 to 5% level, interventions (like job rotation) were suggested.  Findings show that 
static levels as low as 0.5 to 1% MVC may relate to troubles in the shoulder area.  Some 
statements have been presented to say static loads are not acceptable at all if sustained frequently 
or over a long period of time (Sjogaard & Jensen, 2006).   
Sjogaard, Lundberg, and Kadefors (2000)  reported that it is important in risk assessment 
to identify generic work requirements that induce low-level static exertions.  Some of the 
requirements mentioned were precision, speed, visual demand, mental load, monotony, and lack 
of variation.   Sjogaard and Jensen (2006) point out the links between body segments.  For 
instance, when workers operate with fast precise movement with the hands, there is a demand to 
stabilize the shoulder girdle.  The shoulders are the reference point for the upper limbs.  When 
they move the hands are repositioned.  The same link applies to the eyes and neck.  Stable eye 
position is a prerequisite for most visual demands in industry.  Therefore, the neck has to be 
fixated to control eye position. Interestingly, when the neck and shoulders are contracted at 30% 
MVC, the fastest repositioning of the eyes is performed.  When high speed tasks are performed, 
the stiffness of the musculoskeletal system must be increased.  This requires cocontractions, 
which mean antagonistic muscles, muscles on each side of the joint, are contracting.   
2.4.3 Precision and dual tasks.  Precision is defined as the extent to which a 
measurement shows a small scatter or variance around the “true value” (Freivalds, 2004).  There 
are occupations, like dentistry, that require precision work and therefore a high degree of focus 
and attention to detail.  It has been established that even when performing highly practiced tasks, 
the shared attention of a concurrent task has an impact on performance.  Previous researchers  




have postulated that the performance of motor tasks can influence movement (Ebersbach, 
Dimitrijevic, & Poewe, 1995; Pellecchia, 2003).  Yet, Beach et al. (2006) found that while the 
addition of precision placement demand in a repetitive lifting task resulted in greater cumulative 
lumbar spine loads when compared to identical lifting tasks with no such constraints,  
performance of precision placement and/or cognitive distraction challenges had no 
biomechanically (moment,  joint shear  or compression forces) significant impact  during lifting 
on peak L4/L5, or the shoulder and the elbow joint/extension.   
 Some researchers have suggested that it is possible for people in various static postures 
to voluntarily reduce and control activity in the inferior (descending) part of the trapezius muscle 
without modifying the arm position or the hand load (R. L. Brookham et al., 2010; Palmerud, 
Sporrong, Herberts, & Kadefors, 1998).  These observations are an indication that there are 
patterns of muscle activity or a CI that can be observed when, in the case of the dentists, certain 
postures are maintained while performing precision tasks and also managing the patient  (i.e. 
patient movement, a biting or uncooperative patient). 
2.4.4 Power and precision grip.  The precision tasks in dentistry require primarily 
two types of grips.  The precision grip, also known as the pen grasp to those in the dental 
profession, and the power grip.  Freivalds (2004) defined a precision grip as a type of grip in 
which the object is pinched between the flexor aspects of the fingers and the opposing thumb, 
intended for optimal control rather than power. He defines the power grip as a type of grip in 
which partly flexed fingers and the palm with an opposing thumb, form a clamp around the 
object, intended for power rather than control.   
Biomechanics plays a role in either case. With the power grip, the hand gripping a 
cylindrical handle forms a closed system of forces where portions of the digits and palm are in 




opposition to each other.  Strength of the grip (G) may be defined as the sum of all components 
of forces exerted normal to the surface of the handle.    
 gG  
When a turning action is exerted on the handle/instrument, the maximum torque, given at the 
moment of hand slippage is 
DST *  
where T = torque, S = total frictional or shear force, and D = handle diameter.  S can be defined 
by 
GS   
where  the coefficient of friction. 
With a precision or pinch grip, the application force (FA) is transmitted to the work piece, 
in addition to the tool weight through the axis of the tool.  In static equilibrium, a reactive force 
(FR) is directionally equal in magnitude to the application force plus the weight of the tool (W) 
(Freivalds, 2004).   
WFF AR   
Power hand tools generate forces that the hand must react to and quite possibly a torque 
that has to be counteracted.  In the dental profession, the tools are light weight and no tool should 
exceed the maximum lbs (or kg) of force that can be exerted by a female in the 5
th
 percentile. 
Grip force and strength are shown in Figure 2.14.  A deviated wrist posture not only increases 
tendon travel and internal friction, but also increases the amount of muscle strength necessary to 
perform the gripping task.  The design of a tool’s gripping surface can dramatically affect the 
activity of the internal force transmission system (tension travel and tension).  Maximum grip 
strength occurs in a very narrow range of grip opening.  If the grip opening deviates by as much 




as an inch from the ideal range, grip strength reduces dramatically.  The change in strength is due 
to the length-strength relationship of the forearms. Hand size and hand preference can influence 
grip strength.  Handle design is crucial and handle shape can affect the strength of the wrist  
(Marras, 2006).   
 
Figure 2.14. Grip strength vs. grip opening and hand anthropometry (Adapted from Marras from 
Sanders, M.S. and McCormick, E.J., Human Factors in Engineering and Design, McGraw-Hill 
Inc. New York, 1993.). 
Gloves can be another variable that significantly influence the generation of grip strength 
and play a role in the development of CTDs.  When worn during work, the musculoskeletal 
system is less efficient.  Gloves can have three effects.   
1.  Grip strength generated is often reduced typically by 10 to 20%. The coefficient of 
friction is reduced between the hand and the glove, causing slippage of the hand upon 
the glove, and in turn causes a deviation in muscle length and a reduction in strength.     




2. Even though the externally applied force (grip strength) is often reduced, internal 
forces are often very large in comparison to not wearing gloves. 
3. The ability to perform a work task is affected negatively.  Task performance time can 
increase up to 70% (Marras, 2006).   
In spite of the negative effect of wearing gloves in terms of performance and grip strength, the 
job requirements for many in the healthcare field dictate the need to wear them.  Currently, there 
is no alternative.  
2.5 Statistical Modeling Tools 
2.5.1 Multivariate multiple regression analysis.  Multiple regression analysis (MRA)   
or multiple linear analysis is typically used to predict a single continuous variable, the dependent 
or criterion variable, using two or more continuous or nominal variables, (often called the 
independent or predictor variables) (Grimm & Yarnold, 2009).  MRA is not only used to attempt 
to predict events or behavior for practical decision-making purposes in applied settings, it is also 
used to attempt to understand or explain the nature of a phenomenon for purposes of testing or 
developing theories (Licht, 2009).  The result of MRA is a single regression equation.   
Multivariate multiple regression analysis (MMRA) is used when two or more dependent 
continuous variables are to be predicted from two or more predictor or independent variables 
(Jiang, 2011).  Each dependent variable is predicted by the same independent variables and each 























X1, X2… Xn  are the independent  or predictor variables, 
ai, bi, … ji are the regression coefficients, and  
Y1, Y2… Yn  are the dependent or predicted variables. 
Prior to performing regression analysis, independent variables should be checked for 
correlation.  The desire is for minimal correlation.  The regression coefficients of greater value 
can be used as a guide to the relative importance of individual independent variables when 
collinearity (or multicollinearity) is minimal.   Independent variables can only be continuous or 
dichotomous (binary).  Discrete variables must be converted to n-1 dummy variables.  
Independent variables in this study are both continuous and dichotomous.   
2.5.2 Correlation.   A common statistic for indicating the strength of a linear relationship 
between two continuous variables is called the correlation coefficient (Cody & Smith, 1997).  
There are several correlation coefficients, but the most common coefficient is the Pearson 
product-moment correlation coefficient (Pearson r).  The correlation coefficient is a number [-1, 
+1].  A positive correlation coefficient means that as one variable increases the other variable 
increases.  A negative correlation coefficient means the variables have an inverse relationship; as 
one variable increases, the other decreases.  These correlations are typically categorized as small 
or weak, medium or moderate, and strong correlations.  If r is small or close to zero, the 
variables are unrelated.  An important assumption concerning r is that each pair of x, y data 
points is independent of any other pair; each pair of x, y data points come from a different 
subject.   
Every r has a probability associated with it.  Significance of a correlation coefficient is a 
function of the magnitude of the correlation and sample size.  The significance is a correlation 
coefficient that gives a probability of obtaining a sample correlation coefficient as large as or 




larger than the one obtained by chance alone. Once it is known that the correlation coefficient is 
different from zero, the importance of the correlation can be interpreted further.  One of the best 
ways to interpret r is to look at the square of the coefficient (r-squared).  r-squared is interpreted 
as the proportion of variance in one of the variables that can be explained by variation in the 
other.    
To determine the strength of relationship between two variables when the effect of other 
independent variables has been removed, partial correlation (pr) is computed (Cody & Smith, 
1997). Squared partial correlation, pr
2
 conveys the proportion of variability in the dependent 
variable accounted for by one independent variable when all other independent variables have 
been removed.  Semi-partial or part correlation, (sr) reflects the correlation between an 
independent variable, Xi and dependent variable while controlling for the predictive effects of all 
other independent variables on Xi.   This is usually one of the most useful measures when 
evaluating the importance of a particular independent variable.  Squared semi-partial correlation, 
sr
2
 conveys the proportion of variance in the dependent variable accounted for by one 
independent variable and no other independent variables (Jiang, 2011).   
2.5.3 Multivariate analysis of variance (MANOVA).  Multivariate analysis of variance 
evaluates the difference among composite means for a set of (two or more) continuous dependent 
variables when there are one or more categorical independent variables.  It allows one to 
examine not only the effects of the of the independent variables, but also the main effects, 
interaction effects, contrast analyses, covariates, and repeated measure effects.  MANOVA 
requires that the dependent measures be statistically correlated.   One reason to use this 
multivariate approach is to control Type I error and to provide a mutivariate analysis of effects 
by taking into account the correlations between dependent measures (Grimm & Yarnold, 2009). 




The MANOVA can also detect when groups differ on a system of variables.  A MANOVA tests 
the null hypothesis, H0, of the vector means (test that the means are equal).  For this research a p-
value <0.05 is an indication of statistical significance and therefore a difference in variables, and 
a rejection of H0.     
As a parametric statistical procedure (inferential procedure regarding the population), 
MANOVA has assumptions about data that must be assessed.  The three necessary conditions 
are (1) multivariate normality, (2) homogeneity of the covariance matrix, and (3) independence 
of observations.  Multivariate normality is a hard criterion to satisfy.  First, all individual 
dependent variables must be distributed normally. Then any linear combination of the dependent 
variables must be distributed normally and all subsets of the variables must be normally 
distributed.  However, if the distribution of the dependent measures is not multivariate normal, 
violation of the assumption has a small effect of the actual alpha level and the Type I error rate is 
fairly robust.  Therefore, MANOVAs tend to be performed on data regardless of whether the 
data violates this assumption, because the general consensus is that the MANOVA is robust 
procedure (Grimm & Yarnold, 2009).   
The variances of the dependent variables must be equal across the experimental groups 
defined by the independent variable.  Additionally, the covariance – variance shared between 
two variables – for all unique pairs of dependent measures must be equal for all experimental 
groups.  Homogeneity of covariance matrices are tested with two indices, Box’s M and Bartlett’s 
chi-square.  Both tests are highly sensitive to the violation of the normality assumption.  
Violation of the homogeneity of the covariance when the number of participants in each 
experimental group is approximately equal will lead to a slight reduction in statistical power.  




When the number of participants in each group is decidedly unequal, the Type 1 error rate will 
either be inflated or deflated, depending on which matrices are the most different.   
An important assumption for MANOVA is the assumption that participant observations 
are independent of one another (i.e. not influenced by other participants).  This intraclass 
correlation occurs when participants interact in an experimental condition and are likely 
influenced by others.  A small intraclass correlation, which indicates a small degree of 
dependence among obserations, can inflate the actual alpha to seven times the nominal alpha 
level the experimenter observes.  Therefore, unlike the robustness of MANOVA with regard to 
the other two assumptions, a violation of independency of observations is critical.  If it can be 
determined that experimental conditions were administered individually and not in a group and 
that participants were not affected by others, violation of the assumption is not a concern.    
2.5.4 Profile analysis (PA).  Profile analysis is a special form of MANOVA available 
when all the dependent variables are measured on the same scale.  It can be used when one wants 
to know if groups differ on the scales.  This can be accomplished in one of two ways: one-way 
between-subjects design or profile study with one grouping variable (Tabachnick & Fidell, 
2007).   Profile analysis provides tests of the main effects as well as their interactions.  When 
normality assumptions are not met, transformation should be considered. 
One assumption for PA is that the number of dependent variables should not exceed the 
number of participants.  With PA we look for three things in the analysis:  (1) overall difference 
in groups (Is there any difference among groups?), parallelism of profiles (Do different groups 
have  parallel profiles?), flatness of profiles (Do the DVs elicit the same average response?) 
(Jiang, 2011).  




2.5.5 Principal component analysis (PCA).  Principal component analysis uses the 
correlations among variables to develop a small set of components that empirically summarize 
the correlations among the variables; providing a description of the relationship rather than a 
theoretical analysis.  Variables correlated with one another but largely independent to other 
subset of variables are combined into factors (Tabachnick & Fidell, 2007).  PCA reduces 
numerous variables down to a few components.  Its goal is to summarize patterns of correlations 
among observed variables and identify a new set of variables called principal components.  In 
PCA, all the variance of the observed variables is analyzed.  The validity of factors is tested in 
research where predictions are made regarding differences in the behavior of persons who score 
high or low on a factor.    
The first component is the linear combination of observed variables that maximally 
separate subjects by maximizing the variance of their component scores.  The second component 
is formed by the residual correlations (linear combination of observed variables that extract 
maximum variability uncorrelated with the first component). Successive components do 
likewise.  The first component of the principal components extracts the most variance and the 
last component the least variance.    
The observed correlation matrix is produced by the observed variables.  The reproduced 
correlation matrix is produced from factors/components. The difference between the observed 
and reproduced correlation matrices is the residual correlation matrix.  Rotation is a process used 
to improve interpretability of the solution, without changing the underlying mathematical 
properties.  There are two classes of rotation:  orthogonal and oblique.  In orthogonal rotation 
(factors are uncorrelated with one another) a loading matrix is produced.  The loading matrix is a 




matrix of correlations between observed variables and factors.  Loading sizes reflect the extent of 
the relationship between each observed variable and each factor.    
There are several rotational techniques.  The most common orthogonal rotation is the 
varimax rotation which simplifies the columns of the loading matrix or within factors across 
variables.  Its goal is to maximize the variance of factor loadings by making high loadings higher 
and low ones lower for each factor.  Interpretation of a factor becomes easier, as it is easier to tell 
which variables correlate with it.  Varimax tends to reapportion the variance among factors so 
that they become relatively equal in importance.   
In oblique rotation the factors are correlated and several additional matrices are produced.  
The factor correlation matrix contains the correlations among the factors.  The loading matrix 
from orthogonal rotation splits into two matrices: the structure matrix of correlation between 
factors and variables, and a pattern matrix of unique relationships (uncontaminated by overlap 
among factors) between each factor and each observed variable.  Factor meanings are ascertained 
from the pattern matrix.   Both oblique and orthogonal rotations have a factor-score coefficients 
matrix.  The matrix of coefficients is used in regression-like equations to predict scores on 
factors from scores on observed variables.   
Other relationships are found for the variables.  One is communality of a variable which 
the variance accounted for by the factors.  It is the sum of the squared loadings (SSL) for a 
variable across components.    The proportion of variance in the set of variables accounted for by 
a component is the SSL for a component divided by the number variables (if the rotation is 
orthogonal).  The proportion of variance in the solution accounted for by a component – the 
proportion of covariance – is the SSL for the component divided by the sum of communalities 
(or equivalently the sum of the SSLs) (Tabachnick & Fidell, 2007).    




The more factors included in a solution the better the fit between observed and 
reproduced correlation matrices.  The more factors extracted the better the fit and the greater the 
percent of variance of the data explained.  The tradeoff is to retain enough variables for an 
adequate fit, but not so many that parsimony is lost.  The selection of the number of components 
is critical.  There are several ways to assess adequacy of extraction and number of factors.  One 
of the most popular is the number of eigenvalues (which represent variance) greater than one 
rule; components with eigenvalues less than one are not important.  The number of eigenvalues 
greater than one is usually somewhere between the number of variables divided by three and the 
number variables divided by five.    
A second method is the scree test.  This test is not exact and involves judgment.  It is 
more reliable when the sample size is large.  In this case eigenvalues are plotted against factors.  
Factors in descending order are arranged against the abscissa, with eigenvalue as the ordinate.  
The plot usually decreases; starting with the highest factor value first.  Look for a point where a 
line drawn through the points changes slope and then another line comfortably fits the other the 
remaining points.  Some describe this as the elbow.  The bend of the elbow is the cutoff point for 
inclusion of factors.           
2.6 Stochastic Modeling for Muscle Coactivation 
Numerous methods have been used to model muscle activity, including a production 
scheduling technique, the Johnson translation system of probability distributions (Stanfield et al., 
1996), neural networks, and various types of linear programming.  When writing of the large 
number of muscle groups within the trunk, Mirka and Marras (1993) indicated that there are an 
infinite number of possible combinations of muscle forces that can satisfy the biomechanical 
balance requirements for a given condition during trunk bending.  They added that there were no 




current methods available to predict possible variability in muscle activity, as previously 
multiple regression techniques had been tried with some success for the extensor muscles (0.75 < 
R
2
 < 0.92) and with less accuracy in predicting the antagonist flexors (0.45 < R
2 
< 0.62).   
The solution per Mirka and Marras was to quantitatively capture trunk muscle variability 
during lifting with a stochastic (probabilistic) model.  The model was based on experimentally 
derived data and predicted combinations of time-dependent trunk muscle coactivations.  To 
model the coactive nature of the trunk’s multiple muscle system, conditional histograms of the 
various muscle combinations were determined as a function of the various trunk bending 
conditions.  Conditional histograms described the probabilistic activity of one muscle given 
knowledge of another’s activation level.  The process assumed the erector spinae muscles were 
the primary drivers of the trunk muscle system.  Knowledge of their collective activities could 
indicate how balance and forceful an exertion might be and would dictate how much peripheral 
coactivity would likely be.  Conditional influence of the erector spinae muscles on the 
coactivation of other muscles was governed in the model through the creation of two new 
variables the sum and difference of the erector spinae.   
Finally specific trunk exertions were put into a simulation model where output was time-
dependent traces of possible EMG activity that could occur during the specified lift.  The time-
dependent muscle activities were used to predict spinal loading.  It should be noted that the key 
components of the simulation model were characteristics of a specific trunk bending exertions 
that had to be precisely identified in terms of trunk torque, position, velocity, and acceleration.  




CHAPTER 3  
Pilot study 
A pilot study formed the first phase of this research effort.  It served as the basis for 
collecting information about the daily operations, gave a voice to the culture of two experienced 
dental practitioners (one with 15 years and the other 33 years), and is generalizable to what 
might be seen in other dental practices.  Observations and interviews enabled firsthand learning 
about the factors, conditions, and procedures performed.  The study gave insight on how to 
design the experiment for a successful empirical study for phase two.   Fieldnote accounts from 
these observations and interviews follow.   
It is Monday morning, 7:30 AM and the first patient walks into the office of a 
pediatric dentist in Albany, Georgia.  The dentist and her staff are in place and ready.  
Each patient goes through the customary check in procedure; this could be any pediatric 
dental office in the country.  The office is colorfully decorated and filled with images of 
animals to emphasize the safari theme.  There are pictures of lions, tigers, bears, 
elephants, zebras and other animals on the walls and the covers of books, and large 
stuffed animals have been placed strategically around the room.  Front office and back 
office operatories where the young patients will be seen are equally furnished with items 
attractive to children.   
The children seem happy and playful while in the front office, but their demeanor 
changes once they walk through the doors of the back office.  Many are here for their six 
month or annual teeth cleaning, or some may have cavities filled, or crowns placed on 
their teeth.  The older children take their place in the chair in one of the five operatories, 
while most of the young children (from infant to about age three) sit on a parent’s lap.  




No matter the age of the patient, the dentist and her staff greet each child with a 
warm smile and attempt to engage each in friendly conversation.  In some cases, 
this works and the children begin to talk freely, but in other cases, the child stares 
at them as if to say, and some actually vocalize it, that they are not interested in 
cooperating.   Even though some are there for only a cleaning and flossing, they 
still cry, kick and scream.  One even bites.  On some occasions, it takes two or 
three people, including the dentist, to hold the child in place.   
In order to serve her patients, the dentist repeatedly moves closer on the 
rolling chair, leans forward, lowers her head, rotates and twists her neck slightly 
to the left.  Patients are always instructed to turn their head toward the dentist.  
Most of the younger patients have a hard time complying with the request, and the 
dentist will have to place one arm around their head and guide and hold their face 
in her direction.  Even the older patients find it difficult to keep their head turned 
toward the dentist.  At one time, when filling three cavities of an eleven year old, 
the dentist remarks that the constant turning away of the patient is “killing” her 
back.  Pictures of the posture observed during patient care during multiple cavity 
fillings and patient case management are shown in Figure 3.1. 
Throughout the day, child after child is examined and parent after parent is 
told that the child is drinking too many sugary drinks, too much juice, and 
admonished to cease from giving drink, juice, and milk at bedtime, during the 
consultation.  Roughly fifty-percent of the patients are found to have one or more, 
and in a couple of cases as many as eight cavities.  Some are even in need of 
stainless steel crowns.  Children who have multiple cavities and those in need of  






















Figure 3.1. Postures and conditions in the dental office:  (a) posture during multiple fillings, (b) 
case of patient management.   
multiple extractions and crowns and complete dental restorations, particularly the very 
young, are recommended either for treatment in the dental office under sedation over 
several appointments, or dental surgery in a hospital operating room in one sitting.  The 
hospital option is recommended primarily because many small children are intolerant of 
the difficult and time consuming procedures required to fill many cavities, fit crowns, or 
complete dental restorations.  In addition, for lengthy and complex procedures, the dentist 
says that the hospital is safer.  Based on the type of treatment needed, there is a formula 
used to determine which procedure is best – a local anesthetic, office sedation, or oral 
surgery in a hospital setting. 




It is now Tuesday.  Today is one of two mornings when the pediatric 
dentist starts the day in the operating room at a local hospital.  I am allowed in to 
the operating room to observe, because the dental surgery does not require a 
sterile environment.  However, I have to dress in scrubs, put on shoe covers and 
cover my hair completely.  As I enter the room at 7:25, the procedure is already 
underway.  There are only two surgeries scheduled for today; both are little girls.  
Typically, there can be as many as four or five surgeries scheduled in one day.   
The first little girl has recently turned five.  The other is a four year old 
with Down’s syndrome.  At the beginning of the surgery, the dentist is surrounded 
by seven other personnel – the dental assistant, a surgical tech, a circulation nurse, 
the nurse who assists the child into surgery, an anesthesiologist, a certified 
registered nurse anesthetist (CRNA) and a physician anesthetist.   Once the child 
is sedated, only the circulation nurse, the CRNA, the surgical technician and the 
dental assistant remain.  The dentist leans in close to the five year old; she will 
have seven teeth removed, four fillings and three space maintainers.  At the 
request of the dentist, the surgical table can be rotated in her direction.  The 
second child has seven teeth removed and nine crowns applied.  By 11:40 AM the 
surgeries are complete.  Notably, the dentist sat for both procedures, standing only 
once for no more than a minute to check the x-rays of one of the patients.  The 
only break taken was the approximate 15 minute break between patients for the 
room preparation and consultation with parents.   
Switch scenes, as I go from the pediatric dental practice to the office of a 
male, general dentist.  As I walk into his busy lobby, I notice that all patients 




currently waiting are adults, though several children will be seen later in the afternoon.  It 
is the early afternoon, and today the office will remain open until 7 PM.  This general 
dentist treats people of all ages and provides a variety of treatments.  His office has five 
operatories with one dedicated to the hygienist.  As I walk past the door of each 
operatory, I see that each is occupied.  They remain full for the entire afternoon.   
The greeting of the patients is a bit more formal in the office of the general 
dentist.  While not as much reassurance is required, patients are still greeted with niceties 
to encourage comfort.  The dentist moves from room to room.  The first patient observed, 
a teenager, is in need of a root canal.  As the dentist draws near, he tilts his head to the 
side, leans slightly forward and to the right, gives her an injection of lidocaine, and 
moves to the next patient.  The next person is in need of a filling.  An injection again is 
given and the dentist moves on to the next patient.  This round robin approach continues 
until the dentist comes back to the original patient.   
When returning to the patient in need of a filling, the dentist explains that the 
filling is in the front and top of the mouth.  When treating this patient, he leans and twists 
his body even more, struggling into a position that will allow him to see behind the top 
front teeth.  With one exception, the dentist sits in a chair as he renders treatment.  In the 
one case when he stands, he is positioned to the right, near the top and slightly in back of 
the patient’s head, while extracting a tooth.  The dental chair is raised to its highest level, 
as he pushes and pulls on the tooth until it is finally extracted.  Patients today will receive 
fillings, crowns, a root canal, have extractions, or receive a consultation and exam after 
being seen by the dental hygienist.   




The accounts above are drawn from two days of observations with two dentists:  one 
female and one male.  The events taking place in their offices are similar to those that take place 
around the country, around the world.   
Prior to the actual observation of each dentist, both were given a discomfort survey.  The 
discomfort described by each is in agreement with the findings of researchers who have studied 
the dental profession (ADA Office of Student Affairs, 2008; Akesson et al., 1997; Alexopoulos 
et al., 2004; Cherniack et al., 2010; Green & Brown, 1963; Hansson et al., 2009, 2010; Hardage, 
Gildersleeve, & Rugh, 1983; Lalumandier, McPhee, Riddle, Shulman, & Daigle, 2000; Milerad 
& Ekenvall, 1990).  Both reported occasionally experiencing pain in the neck, shoulders, and 
lower back.  The male dentist also often experiences pain in the hands/wrist.   Each dentist gave 
permission to be recorded on video.  From the brief observational study, snapshots of the dental 
work environment are captured, both in the office and in a hospital operating room.   
Each dentist observed indicated that their preferred or primary working position is from a 
seated position.  The female estimated she stands only 10% of the time, while the male dentist 
estimated he stands approximately 25% of the time.   They stated that their preference for sitting 
was due largely to avoid back strain.   
Some of the hazards of dentistry, such as biting, uncooperative patients requiring patient 
management, noise, and prolonged static and awkward postures were witnessed.  The head was 
often rotated and/or in a forward position.  The back, too, was observed in a forward position.  
Some of the postures witnessed are shown in Figure 3.2 and Figure 3.3.  It was also noticed that 
long hours were worked and few to no breaks were taken, except for the time it took to go from 
patient to patient.  The female dentist did take a 45 minute lunch, but the male took no lunch 
break on the day he was observed.    




































Figure 3.2. (a) Posterior view of posture during surgery, (b) lateral positioning during surgery, 
and (c) lateral view of positioning during surgery of overhand grip with forceps.   
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Figure 3.3. (a) Anterior view during cavity filling, (b) wearing of dental loupes for a root canal, 
and (c) standing position during extraction.   




CHAPTER 4  
Conceptual framework 
A review of the existing literature and the observational study provided consistent 
evidence of a prevalence of musculoskeletal symptoms in the dental profession.  Various 
methods have been used to gather data qualitatively and quantitatively.  Previous researchers 
have created interventions and musculoskeletal assessment tools, and written guidelines for what 
are considered acceptable postures and unhealthy postures.  Others have developed mathematical 
formulas, both complex and simple, to calculate muscle coactivation.  However, no body of work 
currently exists that has taken a comprehensive myoelectric profile of the entire group of muscles 
likely involved in sustaining the prolonged and awkward postures that lead to MSDs in dentistry.  
This research fills that void.   
Using information from the epidemiological and biomechanical literature, literature on 
dentistry, the observational study, and interviews with the dentists in the observational study, a 
model was created to assess the muscle coactivation patterns in the upper extremities, and 
measure muscle activity in nine superficial muscles.   
4.1 Objective of Research 
The objective of this research is to collect biomechanical data and to develop a 
comprehensive myoelectric profile of superficial muscles of the upper extremities.  This 
dissertation focuses on the two of the primary areas affected most by MSDs in dentistry – the 
neck and shoulders.  Additional upper extremities (hand/wrist, forearm, elbow and trunk) can 
then be studied and modeled at a later time.  The second objective is to evaluate muscle 
coactivation patterns of the muscles using the MCI, correlation, regression analysis, stochastic 




modeling (using conditional histograms) to explore the relationships and predictive measures of 
muscles in the neck and shoulders. 
4.2 Model Development 
This model gives an indication of the muscles coactively in use by dentists during the 
course of the day and while performing precision and nonprecision dental tasks.  It is believed 
that precision placement effects muscle coactivation, resulting in greater muscle activation.  The 
model will convey the correlation between muscles under task conditions, examine muscle 
activation patterns through the formulation of regression based equations, calculate a muscle 
coactivation indicator (MCI) for muscles with respect to all other muscles under test, and use 
conditional histograms, a stochastic modeling technique, to assess one muscle’s influence on the 
activity of another muscle.  These steps are outlined in Figure 4.1.   
 
Figure 4.1. Regression based muscle coactivation model diagram. 
Task Conditions
(4 variables)


















4.2.1 Task conditions and tissue responses.  The first step in creating the model was  
to decide on the initial inputs. The inputs chosen were selected for their purported influence on 
neck and shoulder muscles.  The inputs were four variables which included the postural 
positions, precision, line of vision, and grip type.  Three of the inputs were dichotomous inputs 
and one has four levels.  All are shown in Table 4.1.  The overhand/underhand task was 
considered as one level for grip type in this research.   A total of 32 (2
3
 x 4) trials resulted from 
the four variables.  For these four input variables, EMG data for eleven neck, shoulder and arm 
measures were collected and normalized EMG (NEMG) values were calculated for each set of 
conditions.   
Table 4.1  
Posture and Task Conditions with Values for Each Task 
Condition Task Value 
Position Sit 1 
 Stand 2 
Precision Nonprecision 1 
 Precision 2 
Line of vision Mandibular Anterior  1 
 Mandibular Posterior 2 
 Maxillary Anterior  3 
 Maxillary Posterior 4 
Grip type  Overhand/underhand (power grip) 1 
 Pinch grip 2 
 
The first variable is position – sit or stand.  Like the dentist in the pilot study, most 
dentists today stand only a small percent of the time because of the belief that sitting helps to 
alleviate back problems. There is one study that suggests that they stand more.  This research 
posits that there is no difference in muscle activation when the dentists sit or stand.   
Tasks were selected to demonstrate precision or nonprecision.  One nonprecision task is a 
mirror check that allows the dentist to scan a pre-prescribed area of the mouth cavity.  The other 




nonprecision task is the application and removal of a dental dam to a preselected tooth.  
Precision tasks were purposely selected to incite some muscle activity.  An extraction task is one 
of the two precision tasks.  The extraction should generate additional force as the participant 
grips the tooth with dental forceps and pulls for an extraction.  The expectation is that there will 
be some muscle reaction to the generated forces.  A cavity preparation is the second precision 
task. Using a high speed handpiece the participants prepare a preselected tooth for a cavity 
filling.  The idea is to see possible muscle responses resulting from the transfer of electrical 
vibration to the upper extremities.  For the purpose of this research the task ends with the cavity 
preparation.   
Line of vision has four levels. Each one is chosen to give variation in the line of sight 
based on the quadrant of the mouth.  It was noticed in the observational study that the dentist’s 
body could endure extreme alterations based on the quadrant under view.  The participant will by 
design of the experiment perform a procedure in the posterior and anterior of both the maxillary 
and mandibular areas of the mouth.  It is hypothesized that depending on the line of vision 
greater muscle activity will be generated. 
The last variable is grip type.  For this research, two grip types are examined – pinch grip 
and power grip.  The power grip can be either an overhand or underhand grip.  The pinch grip is 
used for the nonprecision mirror check and the precision cavity preparation using the high speed 
handpiece.  The power grip is used for the nonprecision dental dam clamp application and 
removal and the precision extraction using dental forceps.  The task scenarios are demonstrated 
in Figure 4.2.   
The muscles chosen are selected because of their measurability (superficial muscles) and 
their role in neck and/or shoulder movement and stabilization.  Neck muscles are the  





Figure 4.2. Demonstration of dental tasks and conditions. 
sternocleidomastoid and the upper trapezius.  Shoulder muscles are the latissimus dorsi, the 
infraspinatus, supraspinatus, anterior deltoid, lateral deltoid, posterior deltoid, pectoralis major, 
and two arm muscles, the long head triceps and the long head of the biceps.  The role of each 
muscle is explained previously in Table 2.2, Table 2.4, and Table 2.5.   
4.2.2 Correlation, regression and other statistical measures.  The EMG data gathered  
from the eleven muscle measurements will be statistically analyzed using correlation and 
multivariate multiple regression (MMR) analysis.  Correlation analysis will evaluate the  
1. Significant relationship between muscles 
2. Predictability gained by additional variables (semi-partial correlation) 
3. Variability in the dependent variables accounted for by each independent variable 
(partial correlation) 
MMR analysis will predict the eleven muscle values on the basis of the four input 
variables under each of the 32 test conditions.  The analysis results in eleven regression 
equations, one equation for each muscle measured.  The equations are of the following form: 






















n is the number of muscles 
nMMM 21,  are the resulting dependent or predicted muscle variables 
an, bn,…jn are the regression equation coefficients for the corresponding muscle 
mXXX ,, 2,1 are the predictor variables. 
Only the intercept estimate and the parameters found to be significant in predicting the 
dependent muscle variable are included in the regression equation.   
Data will also be checked to see if any phenomenon can be explained by the 
simultaneously activated muscles such as the effects of muscle proximity, physical location, 
muscle deviation based under certain conditions, and even muscles critical to the development of 
MSDs.  Descriptive statistical measures such as mean, standard deviation will also be analyzed.   
4.2.3 Muscle coactivation index equation.  The final step is to calculate a muscle  
coactivation indicator (MCI).  The literature offered many examples of muscle coactivation 
index (CI) equations, but these were most often limited to a pair of muscles where the antagonist 
and agonist roles can clearly be identified.  While the anatomy books identify some of the 
muscles evaluated in this study as agonist and antagonist of the other, this clarity in muscle 
characteristic is not applicable to all muscles in this assessment.  Due to this reason, a MCI is 
created.  The MCI gives an indication of a particular muscle’s activation level with regard to all 
other muscles.  The value range is [0, 1].  A MCI close to zero implies that the muscle Mi 
activation level is low with respect to all other muscles.  A MCI close to 1 implies that the 




muscle Mi activation level is high with respect to all other muscle activities.  The MCI equation 















)(  , where n =1…11 
The MCI can be computed under certain task conditions or for average muscle activity.   
4.3 Benefits of the Muscle Coactivation Model 
Ergonomic, epidemiological, and etiological benefits will be realized from the research 
findings.  As a result of the research, documented quantitative measures will be available to the 
ergonomic, academic and the dental community regarding the muscle activation patterns of 
highly used muscles of dental practitioners.  Epidemiological benefits are the availability of 
quantitative data pertaining to identified risk factors leading to upper extremity MSDs in the 
dental profession.  The etiological benefit is the additional insight into the effects of aggregate 
muscle activity on MSDs.  Findings will be generalizable to other healthcare professions and 
occupations whose work requires the use of some or the entire same group of muscles.  These 
findings could also influence the design of dental equipment and instruments.   




CHAPTER 5  
Methodology 
In this section, we establish the methodology for this study.  We begin with the 
requirements for participant recruitment and discuss the participants’ anthropometric 
characteristics.  The apparatus used to measure electromyography and motion tracking are 
identified.  We discuss the data collection process for both phase one and phase two of this 
study.  The experimental design, procedures, and data analysis processes are also defined.  
Lastly, the role of the researcher is illustrated.    
5.1 Participants 
Participants for this study are recruited in two phases.  Phase one consists of an 
observational study.  In this phase, two dentists were observed in their working environment.  
The dentists were identified based on acquaintance and referral.  A history of MSDs did not 
preclude participation in the study.   Dental clients were not of interest for this study, except for 
their possible effects on dental personnel when rendering patient treatment.   
For phase two, dentist professionals were recruited from practitioners in Greensboro, 
North Carolina, and surrounding cities.  Names of potential dental participants were gathered by 
internet search, yellow pages, and referral.  Each potential recruit was sent a letter of introduction 
and brief explanation of the research.  A total of 252 letters were sent via US Post Office, fax, or 
internet.  See Appendix B for a copy of the letter to potential recruits.  In case of referrals, the 
name of the referring person was withheld, if requested by the referring person.   Of the 19 
responses to the letters or referrals, 12 actually participated.  Any dentist who agreed to 
participate was added to the Participant List, an Excel spreadsheet.  An appointment time was set 
and a letter of Requirements and Expectations was sent.  See Appendix C for a sample of the 




letter.  At the time of their appointment, all participants signed an informed consent form and 
agreed to be video recorded.     
Dentists who suffered symptoms of MSDs and/or upper extremity injuries in the past 
were not precluded from participating in this study, as long as they were not currently under a 
doctor’s care.  EMG and motion tracking data was collected on the dominant side only.  All data 
was collected in one session.   Experimental procedures were approved by the North Carolina 
A&T State University Institutional Review Board (IRB).    
Of the twelve participants in phase two, there were eight men and four women.  Eleven of 
the twelve were right hand dominant.  Their average and standard deviation of years of practice 
was 18.67 ± 12.71 years, with a range of 2 to 43 years.  The average height of all participants 
was 67.96 inches, with a standard deviation of 4.43 inches.  The average weight of participants 
was 168.58 pounds, with a standard deviation of 22.55 pounds.  Anthropometric measures along 
with the number of years of practice for the participants are shown in Table 5.1. 
5.1.1 Apparatus.  During the observational phase, the participants were recorded with 
were recorded with two Canon HD Vixia HFS100m 10X optical zoom lens video camera.  Of 
interest was the posture assumed by the dentists.  Under study was the position of the trunk/back, 
neck, shoulders.      
In the second phase, a 10’ x 10’ mock operatory was designed.  Participants were seated 
on a dental stool.  To help ensure the environment simulated a dental operatory as close as 
possible, a Frasaco PK-2 TSE patient simulator, was used (Figure 5.1).  The unit included a 
mannequin head, shoulder torso, watertight face mask, and hinged typodont with 32 dentitions.  
The patient simulator with anatomic limitations of neck movement was strapped into a dental 
chair.  The dental chair had an adjustable range of 17.5” to 27” in height.  Chair legs were 

















1 M 71 165 R 17 
2 M 72 180 R 12 
3 M 70 167 R 29 
4 M 68 158 L 14 
5 F 66 165 R 2 
6 M 70 170 R 38 
7 M 71.5 180 R 43 
8 M 73 195 R 6 
9 F 61 203 R 16 
10 M 70 180 R 15 
11 F 63 120 R 25 
12 F 60 140 R 7 
  Mean 67.96 168.58   18.67 
 








Max 73 203 
 
43 
  Median 70 168.50   15.50 
*(M=Male, F=Female); +(R=Right hand, L=Left hand) 
each placed on individual 6.5” risers which could be removed as needed; giving the chair an 
adjustable range of 17.5” to 33.5” height.  The chair back adjustment range was from 90° to 
180°.  A dental lighting unit was provided.  Needed dental instruments – mirror, forceps, high 
speed handpiece, and rubber dam clamps - were used during the experiment.  A dental unit 
containing a high speed handpiece, air, and water hoses were placed by the side of the participant 
at a convenient distance, determined by the practitioner.  Participants could adjust the supplied 
lighting and chairs as necessary.  An air compressor was used to supply power to the handpiece.  
Bioinstrumentation requirements included the Delsys EMG system, the Delsys DE-2.1 
Differential EMG electrodes, and the Ascension 3D Guidance trakSTAR Electromagnetic  
 





Figure 5.1. View of lab space requirements and mock operatory. 
Motion Tracking system.  Participants were recorded with two Canon HD Vixia HFS100m 10X 
optical zoom lens video cameras. 
5.2 Data Collection 
5.2.1 Phase one.  In phase one, each dentist was given a discomfort survey that allowed  
 them to identify local areas where they had experienced discomfort or pain.  The Industrial 
Accident Prevention Association (IAPA) online passive surveillance tools which can be used to 
assess ergonomic pain, risks, or posture concerns were employed.  The body map was included 
as part of the discomfort survey used for this research.  An additional questionnaire was created 




to gather workplace environment information.  The combination of the surveys and 
questionnaires enabled workplace analysis.  The survey tools are described below.   
IAPA Discomfort Survey – This survey has a body map which is shown to the 
informants.  Each informant is asked to identify body parts in which they experience 
discomfort and to state how often they feel pain and the level of pain   
IAPA Ergonomic Hazards Checklist - identifies potential ergonomic risks 
IAPA Tool Selection Checklist - assesses possible posture, force, repetition, 
vibration and temperature effects 
Work Environment Survey Supplement - captures work environment specific 
particulars, such as operating space, distance to instruments and layout of work space 
The next step was to interview and monitor the movement and positions of the dentists 
under study.  Movement and position was recorded with the use of the Canon HD Vixia 
HFS100m 10X optical zoom lens video camera.  The recordings were made on a memory card 
and transferred to a DVD and/or computer hard drive for storage and further analyses.   
5.2.2 Phase two.  Phase two involved an empirical study of participants in a controlled 
lab environment.  All participants signed an informed consent form at the start of the session and 
completed the discomfort survey and work environment survey supplement prior to or at the start 
of the session.  Two bar surface electrodes (Delsys DE-2.1 Differential EMG Sensors) were used 
to measure electromyographic (EMG) muscle activity of eleven sampled muscles of the 
participant under study.  EMG signals were pre-amplified (10000x) by the sixteen channel 
Delsys system.  The output was recorded at a rate of 1000 Hz.  The Ascension 3D Guidance 
trakSTAR Electromagnetic Motion Tracking system, Figure 5.2, was used to measure relative 
angular motion between two body segments.  Position and orientation were computed based 






    
              
Figure 5.2. 3D Guidance trakSTAR Electromagnetic Motion Tracking system and 16-channel 
Delsys EMG system.   
on the participant’s orientation to the magnetic field source.  (It should be noted that the motion 
tracking data though collected was not analyzed for this research.)  The placements of electrodes 
and sensors are shown in Figure 5.3. 
                                                 
  Figure 5.3. Electrode and sensor placement side and rear view.    
 




5.3 Experimental Design 
5.3.1 Independent variables.  There were a total of four independent variables (IVs).   
Data collections for the upper extremities were measured in either the standing or sitting 
position.  Some joint motions, typically extensions, were not measured, as they are not common 
within the dental and other health professions.  The IVs and their associated levels include the 
following : 
1. General posture – sitting/seated (S) or standing (ST)  
2. Precision – precision (P) or nonprecision (NP) 
3. Line of vision – anterior mandibular (ManA) and posterior mandibular (ManP), anterior 
maxillary (MaxA) and posterior maxillary (MaxP) 
4. Motion requirement – pinch grip (PG) and power overhand/underhand grip (O/UG)  
Note that in dentistry, the pinch grip is referred to as the pen grasp.   
5.3.2 Dependent variables.  The dependent variables (DVs) were average normalized 
EMG activity during each task of the musculature in the neck and shoulder region.  Two neck 
muscles of interest were the upper trapezius and sternocleidomastoid, both superficial muscles.  
Seven superficial muscles that cross the shoulder joint were of interest:  the pectoralis major, 
supraspinatus, anterior deltoid, lateral deltoid, posterior deltoid, infraspinatus and the latissimus 
dorsi.  Two arm muscles are included - the long head of biceps brachii (whose tendon helps 
stabilize the shoulder) and the long head of the triceps brachii (which originates at -- attaches to -
- the infraglenoid tubercle of the scapula).  The bicep brachii also flexes the elbow joint and the 
triceps is a powerful forearm extensor.   The muscles measured are shown in Figure 5.4 from the 
right shoulder viewpoint.    





Figure 5.4. Right shoulder overhead view of the neck, shoulder and arm muscles. 
5.4 Experimental Procedure 
5.4.1 Participant preparation.  The experiment began with an introduction of the  
experimental procedure and instructions on the tasks to be performed during the study.  
Participants were advised that they could discontinue should they experience severe pain or 
discomfort at any point during testing.  Areas where electrodes and sensors were applied were 
wiped with alcohol to remove surface oils and lotions from the skin.  This was followed by the 
placement of surface electrodes and sensors on the participant’s specified body areas of the upper 
extremity on the dominant side.  Cram’s Introduction to Surface  Electromyography (Criswell, 
2011) text  was consulted for the placement of surface electrodes.  Seven motion tracking sensors 
were placed on the occipital protuberance, C7/T1, T12/L1 and L5/S1 lumbar areas, the lateral 
side of the humerus and forearm, and hand of each participant.  Signals were verified.  A trial run 
was conducted to acclimate participants to the experimental environment.   
5.4.2 Participant testing.  Prior to the test trial, maximum voluntary isometric  
contractions were taken.  MVIC (also known as maximum voluntary contraction (MVC)) is a 
technique used to isolate the muscle of interest during contraction and to capture the maximum 




or peak force exerted.  These muscle contractions were captured using EMG.  MVIC task were 
performed for each muscle.  The participant was asked to reach maximum capacity in three 
seconds and to hold at that maximum level for five seconds.  The MVIC exertion was taken 
twice for each of the eleven muscle measures and followed by a one minute rest.  While each 
participant was offered a formal break after completion of all MVIC tasks, all wanted to proceed 
with the experiment.  An informal break was given, consisting of the time it took to elucidate the 
experimental steps to be followed or for directions on how to adjust and make adjustments of the 
chair or computer.  The MVIC test for each muscle is shown in Table 5.2.  Test criteria were 
taken from the text, Muscles Testing and Function with Posture and Pain (Kendall, McCreary, 
Provance, Rodgers, & Romani, 2005).    
All participants were asked to wear gloves or at least a glove on the dominant hand.  Each 
participant was asked to perform 32 trials.  Trials were performed in a completely random order, 
using a random number generator (in Microsoft Excel) and then sorted in ascending order.  The 
32 trials were a combination of four variables - posture, precision, line of vision, and grip type.  
Trial combinations are shown in Table 5.3.  Participants were asked to either sit (S) or stand (ST) 
while performing one of the precision (P) or nonprecision (NP) tasks, holding a pinch grip (PG) 
or overhand/underhand grip (OUG).  Each time, the task was performed in either the anterior or 
posterior of the maxillary or mandibular (MaxA, MaxP, ManA, or ManP).   When performing a 
precision task, a pinch grip or overhand/underhand grip was used, for a cavity preparation or 
tooth extraction, respectively.  For nonprecision task, a pinch grip or overhand/underhand grip 
was also used.  In the nonprecision case, the participant performs a mirror check or applies and 
removes rubber dam clamps.  All participants performed the cavity prep, tooth extraction, mirror 
check and application/removal of clamps on the same tooth locations.   




Table 5.2  
Test Criteria to Measure MVIC for Each Muscle  
Muscle Function Test 
Biceps Flexes the shoulder Sitting; elbow flexion slightly less than 
or at a right angle, with the forearm in 
supination  Apply pressure against the 
lower forearm, in the direction of 
extension. 
 
Deltoid (anterior) Flexor Sitting; shoulder abduction without 
rotation.  Elbow should be flexed to 
indicate neutral position of rotation.  
Apply pressure against the dorsal 
surface of the distal end of the humerus.  
  
Deltoid (lateral) Abduction  
Deltoid (posterior) Adduction and extension 
Infraspinatus Laterally rotates  the 
shoulder joint; stabilizes 
head of humerus in 
glenoid cavity during 
movement 
Prone*; lateral rotation of humerus, with 
elbow held at a right angle.  Using the 
forearm as a lever, apply pressure in the 
direction of medially rotating humerus.   
(*modified with participant seated) 
 
Latissimus dorsi Extensor Prone*; adduction of the arm, with 
extension, in the medially rotated 
position.  Apply pressure against the 
forearm, in the direction of abduction 
and slight flexion of the arm   
(*modified with participant standing) 
 
Pectoralis major Flexor  (clavicular part), 
adduction, and  medial 
rotation  
Supine; start with elbow extended and 
the shoulder at 90° flexion and slight 
medial rotation, the humerus 
horizontally adducted toward the sternal 
end of the clavicle.  Apply pressure 
against the forearm in the direction of 
horizontal abduction. 
Sternocleidomastoid Flexor Supine; elbows bent and hands beside 
the head, resting on the table. Test:  
Anterolateral neck flexion.  Apply 
pressure against the temporal region of 
the head in an obliquely posterior 
direction.  
 




Table 5.2  
Cont.   
Muscle Function Test 
Supraspinatus Abduction Sitting, with neck extended and laterally 
flexed toward tested side, with face 
turned toward opposite side; elbow bent 
at a right angle, the arm placed in 
abduction to shoulder level.  The arm is 
a few degrees forward from the mid-
coronal plane, and held in a few degrees 
of external rotation to put it in line with 
the major part of the supraspinatus.  
Hold this position against pressure.   
  
Trapezius (upper) Neck extensor 
(posterolateral)  
Sitting; elevation of acromial end of the 
clavicle, scapula, and posterolateral 
extension of neck. Bringing the occiput 
toward the elevated shoulder with faced 
turned in the opposite direction. Apply 
pressure against the shoulder in the 
direction of depression, and against the 
head in direction of flexion 
anterolaterally.   
 
Triceps Long head assists in 
adduction and extension 
of shoulder joint. 
Prone; extension of the elbow joint, to 
slightly less than full extension.  Apply  
pressure against the forearm, in the 
direction of flexion  
 
Participants were never alerted of the actual time EMG data was being collected.  At the end of 
each trial, data was saved to a file that identified the participant number and the trial activity.  All 
trials were completed in one day.  During the experiment, the participant was free to adjust the 
equipment to a level that was comfortable for him or her.  Each dentist controlled his or her own 
movement by assuming the posture deemed necessary to perform the task.  In addition, each 
dentist determined the amount of time required to accomplish each task.  Due to a computer 
glitch, several lines of the data (< 5%) were lost.  These data points, when evaluated under 
statistical analysis in SAS 9.2, were treated as missing data. 




Table 5.3  
Trial Activity Independent Variable Combinations 
 Independent Variables   
Trial 
No. 







1 S P ManP PG Cavity prep w/ 
handpiece 
32/19 mesial or 
distal occlusal 
2 S P ManP OUG Tooth extraction 30/18 
3 S P ManA PG Cavity prep w/ 
handpiece 
27/23 mesial or 
distal lingual 
4 S P ManA OUG Tooth extraction 25/22 
5 S P MaxP PG Cavity prep w/ 
handpiece 
16/3 mesial or 
distal occlusal 
6 S P MaxP OUG Tooth extraction 2/15 
7 S P MaxA PG Cavity prep w/ 
handpiece 
7/11 mesial or 
distal lingual 
8 S P MaxA OUG Tooth extraction 6/9 
9 S NP ManP PG Mirror check 17 – 20 /28-32 
10 S NP ManP OUG Apply/remove 
rubber dam clamp 
20/31  
11 S NP ManA PG Mirror check All 
incisors/canines 
12 S NP ManA OUG Apply/remove 
rubber dam clamp 
24/26 
13 S NP MaxP PG Mirror check 1-5 / 12-16 
14 S NP MaxP OUG Apply/remove 
rubber dam clamp 
4-5 / 13-14 
15 S NP MaxA PG Mirror check All 
incisors/canines 
16 S NP MaxA OUG Apply/remove 
rubber dam clamp 
8/10 
17 ST P ManP PG Cavity prep w/ 
handpiece 
32/19 mesial or 
distal occlusal 
18 ST P ManP OUG Tooth extraction 30/18 
19 ST P ManA PG Cavity prep w/ 
handpiece 
27/23 mesial or 
distal lingual 
20 ST P ManA OUG Tooth extraction 25/22 
21 ST P MaxP PG Cavity prep w/ 
handpiece 
16/3 mesial or 
distal occlusal 
   




Table 5.3  
Cont.  
 Independent Variables   
Trial 
No. 







22 ST P MaxP OUG Tooth extraction 2/15 
23 ST P MaxA PG Cavity prep w/ 
handpiece 
7/11 mesial or 
distal lingual 
24 ST P MaxA OUG Tooth extraction 6/9 
25 ST NP ManP PG Mirror check 17 – 20 /28-32 
26 ST NP ManP OUG Apply/remove 
rubber dam clamp 
20/31  
27 ST NP ManA PG Mirror check All 
incisors/canines 
28 ST NP ManA OUG Apply/remove 
rubber dam clamp 
24/26 
29 ST NP MaxP PG Mirror check 1-5 / 12-16 
30 ST NP MaxP OUG Apply/remove 
rubber dam clamp 
4-5 / 13-14 
31 ST NP MaxA PG Mirror check All 
incisors/canines 
32 ST NP MaxA OUG Apply/remove 
rubber dam clamp 
8/10 
 
5.5 Data Processing  
For each MVIC trial, the five-second muscle-specific EMG data was divided into 1/8-
second time periods (1/8 s), within each of which the average was taken.  The maximum among 
the averages was chosen as the muscle-specific MVIC EMG for that particular MVIC trial.  Of 
the two MVIC exertions for each muscle, the larger of the MVIC EMG values was chosen as the 
maximum EMG for that muscle or the MVIC.  It was used to calculate the denominator of the 
normalized EMG (NEMG) activity (or %MVIC) during each trial.   
EMG data collected for each muscle was captured via 11 channels of the Delsys 
differential electrodes, for each trial and for each participant.  Data was collected in a maximum 




of 20 second increments and automatically restarted, so as not to overload the system.  At the 
end of the experimental period for each participant, the data was exported and saved into a file 
identifying the participant and then imported into Microsoft Excel as a text file.  In Excel, raw 
EMG data was full wave rectified and saved.  A custom EMG (Fast Fourier Transform) filter 
(using MatLab R2009a) was used to extract noise (primarily at 60 Hz intervals) from the data.  
Since participants determined the length of time for each task, the duration setting in the filter 
was adjusted accordingly for each task condition.  Outputs of the filter were the peak and 
average muscle activity levels of each muscle.  The average muscle activation levels were 
selected as the submaximum EMG , as it was believed to represent the muscle activity over the 
duration of the task.   These submaximum EMG are the subMVIC or numerator of the 
normalized EMG equation.     
Using the subMVIC and the MVIC calculated previously, the NEMG can be determined.  
The NEMG is an indicator of the percent of muscle force exerted during each trial for each of the 
11 muscles.   
MVIC
subMVIC
MVICNEMG  %  
 
The raw data collected for each muscle was normalized using Microsoft Office Excel 2010 and 
investigated further in Excel for muscle coactivation analysis.    
5.6 Data Analysis 
The collection of data in this research warranted an understanding of the association 
between the DVs and the relationship between IVs and DVs.  Correlation allows us to quantify 
their relationship.  Regression permits us to exploit the relationship by predicting the response of 
the DV to the IVs.  Because there are two or more DVs we use MANOVA as a single overall 
statistical test of the DVs and to check the IV influence.  Knowledge of the MANOVA and 




correlation result enables the use of profile analysis to determine if there are possible differences 
in the gender grouping scores to the DVs.  PCA is another technique that builds on the forming 
of components (groupings) based on correlation patterns of the DVs.   
5.6.1 Correlation analysis.  A correlation test was performed to determine the shoulder 
the strength of the inter-relationship between the normalized EMG activities of the neck and 
shoulder muscles under the different task conditions.  The Pearson product-moment correlation 
coefficients were obtained using the data from all trials for all participants.  The Pearson r values 
were categorized as weak, moderate, or strong, to emphasize the inter-relationship of the 
variables.  Weak correlation coefficients were defined for a range of [0.1, 0.4], moderate from 
[0.4, 0.7], and strong from [0.7, 1].  This analysis was conducted using the PROC CORR 
command in Statistical Analysis Software (SAS) version 9.2.       
5.6.2 Regression analysis.  Correlation analysis was followed by multivariate multiple 
regression analysis (MMR).   Eleven DVs dictated the use of MMR as the regression method.  
As many as 11muscle activation patterns were to be predicted from the predictor variables.  In 
later scenarios, selected dependent variables were added as predictor variables.  Regression 
analysis was performed using the SAS 9.2 PROC REG command.  A test for partial variance, 
forward stepwise regression, at the 0.05 significance level was performed to determine which IV 
produced the greatest percentage of variance (R
2
) to a DV.    
5.6.3 MANOVA.  Multiple DVs for analysis required the use of the MANOVA test.  The  
primary use of MANOVA was to check for the effects of the IVs on the DVs, as not all DVs are 
influenced by the same IVs.  As there are four IVs there was also the possibility for significant 
(p<0.05) two, three, and four way interactions.  MANOVA was run using the SAS 9.2 PROC 
GLM and MANOVA statements.  For main effects found to be significant, a Tukey test was run 




to determine for which muscles the means of IVs were significant.  The slicing technique was 
used to check for the significance of the IV when there was an interaction.    
5.6.4 Profile analysis.  A profile analysis (PA) was run using the correlation matrix of 
the DVs constructed from the NEMG (or %MVC) data. The sample population was grouped by 
gender.  Though the sample sizes were not equal, the PA was run to see if gender was 
significant.  We should exercise caution with the findings of the PA due to the unequal size.  The 
profile analysis allows the measure differences in the NEMG for the different muscles.  If gender 
was significant, the data could be studied for parallelism and flatness.  The SAS 9.2 PROC GLM 
was used to run PA.   
5.6.5 Principal component analysis (PCA).  NEMG data for each of the eleven muscle 
variables was used to run PCA.  The outcome was a reduced number of components that 
explained all or nearly all the variance in the previous 11 variables.  The SAS 9.2 PROC 
PRINCOMP command was used to form the default oblique correlated components.  To generate 
an uncorrelated (as much as possible) set of principal components, an orthogonal rotation was 
used.  The factor loading coefficients for the resulting components differed from those in the 
oblique set.  Orthogonal rotation was achieved using the SAS 9.2 PROC FACTOR and varimax 
commands for the principal component method.      
5.6.6 Muscle coactivation analysis.  To determine muscle exertion during each of the  
32 trial conditions, the muscle activity for each of the twelve participants under the 32 trial 
conditions was evaluated.  The NEMG value for the eleven muscles for each condition was 
divided by the sum of the normalized EMG value of all eleven muscles as in the equation below.   
The calculated value is called the muscle coactivation indicator, (MCI). 
























MCI   i = 1…11  
The muscle values for each condition were then compared to one another.  The muscle 
with the highest exertion or MCI was given a value of 1. The remaining 10 muscles were 
subsequently ranked from 2 through 11, based on the calculated MCI for each trial. The next step 
was to complete a frequency count for each ranked muscle for all data points.    The MCI 
communicated the relative coactivation response of the muscles to the task being performed.   
5.7 Stochastic Modeling Analysis   
Another method used to study the inter-relationship between one or more muscle’s 
responses to another muscle’s action is conditional probability.  Knowledge of a muscle’s 
response is limited to the NEMG values calculated.   Therefore, to study conditional probability, 
a graphical technique using conditional histograms was followed.  The use of conditional 
histograms was implemented by Mirka and Marras (1993).  The model concept is that during 
specific tasks each muscle behaves according to a probabilistic process, describing the various 
states of activation throughout a range of motion.  For this research a subset of the data collected 
was studied using conditional histograms.  The data set used was the condition of dentists in a 
seated posture, using a pinch grip, for either precision or nonprecision tasks, regardless of line of 
vision.  
 Conditional histograms were established by dividing the data into four percentile groups 
– 25th percentile (0-25) or Q1, 50th percentile (>25-50) or Q2, 75th percentile (>50-75) or Q3 and 
100th percentile (>75-100) or Q4.  The percentile groups were applied to one muscle at a time 
(muscle x), by sorting the data from the smallest to largest values.  All other muscles (y1, y2,,..y10) 
values reflected the corresponding muscle NEMG, for the muscle x percentile group, and 




therefore muscle x’s conditional influence.  The vertical axis of each graph indicated frequency 
of occurrence and the horizontal axis represented the range of NEMG exertion.  This data 
provided key information about the basic nature of muscle coactivation when one muscle moved 
from its least to its highest exertion level and the variability of muscle activity over the specified 
task conditions.   
5.8 Role of Researcher 
As researcher, my role was to select informants and to seek IRB approval for this study.  
During the first phase, participants were purposefully selected based on their willingness and 
ability to share their time, specific work environment, and their agreement to participate and 
provide candid answers.  Their lenses and the active surveillance of the dental environment 
provide insight to the culture of dentistry.  As well, these informants provided direction and 
confirmation of the literature (Akesson et al., 1997; Brown, 2004; Hansson et al., 2010; 
Nordander et al., 2009), regarding the prevalence of musculoskeletal symptoms,  long working 
hours, and areas of the body affected most.   
In phase two, selection of participants was based on their affiliation with the dental 
profession.  With the exception of the dentists selected for phase one, all other participants in the 
study are identified by a participant number.  The collection of quantitative data enabled 
statistical analyses and results that are reproducible and generalizable to the dental community 
and other occupations.   
  




CHAPTER 6  
Results 
6.1 Participant Discomfort Survey  
Six of the twelve participants reported being in good health (defined as minimal health 
issues, with some or no medication), while the other six reported being in excellent health (no 
health problems or medication).   All indicated they exercise at least once a week, with eight 
indicating they exercise three or more times/week.  With the exception of one participant, each 
person reported experiencing at some time in the last twelve months some musculoskeletal pain 
thought to be related to work.  However, without exception, all participants identified areas of 
discomfort in at least one body region.  The average number of identified areas of body pain was 
four, with a maximum number of areas identified as nine.  The years of practice versus number 
of pain areas is shown in Table 6.1.  Statistical analysis showed no correlation between years of 
experience and the number of pain areas.   
The body part where the highest number of participating dentists reported having 
experienced pain was the neck; eleven of twelve (92%) reported neck pain.  Eight dentists (67%) 
reported they experienced lower back pain.  This was followed by seven reporting pain in the 
shoulders and upper back.  Wrist/hand and hip pain followed with the next highest levels of 
stated discomfort.   See Figure 6.1 for comparison of body part pain.  Participants expressed the 
reported discomfort was felt occasionally (63.3% of the time) or often (36.7% of the time).   The 
discomfort was described as aching (dull persistent pain), pain (acute), tingling, stiffness, 
burning, numbness, or cramping.   This discomfort for some was found as early as dental school.  
Despite the occasional or often felt discomfort, no dentist reported work time lost due to the 
problems experienced.   




Table 6.1  
Years of Practice vs. Number of Discomfort Areas  
Participant No. Yrs. in Practice Number of Discomfort Areas 
1 17 1 
2 12 3 
3 29 5 
4 14 8 
5 2 4 
6 38 4 
7 43 9 
8 6 5 
9 16 2 
10 15 1 
11 25 3 
12 7 3 
Mean  4.00 
Std Dev.  2.49 




Figure 6.1. Participant report of discomfort by body part (n=12).   
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6.2  Multivariate Analysis 
MANOVA results showed there was no significant 4-way or any 3-way interactions.  
There was, however, a significant 2-way interaction between the variables precision and grip 
type.  The MANOVA test criteria for each of the four main effects revealed three of the four - 
posture, precision, and grip type were statistically significant.  Statistical significance provided 
evidence of a difference in the means of the two levels of posture (sitting and standing), 
precision (precision and nonprecision), and grip type (pinch and over/underhand). Corresponding 
statistics for the main effects and 2-way interaction are provided in Table 6.2.    
Table 6.2  
MANOVA Independent Variable Statistics for Untransformed Data  
IV Wilks’ Lambda F Statistic p-value 
Posture 0.80599 F11,323=7.07 <0.0001 
Precision 0.8951 F11,323=3.44 0.0002 
Line of Vision 0.8769 F11,323=1.32 0.1115 
Grip Type 0.6892 F11,323=13.24 <0.0001 
Precision*Grip Type  Interaction 0.9338 F11,323=2.09 0.0212 
 
Results were reviewed to determine for which dependent variables the main effects were 
significant.  The significant main effects and the 2-way interaction of precision and grip type for 
each dependent variable are summarized in Table 6.3.  Without exception, main effect, grip type 
was significant for all muscles.   The effect of posture was significant for the upper trapezius, 
anterior and lateral deltoids, biceps brachialis, and the pectoralis major.  Main effect, precision 
was significant for lateral and posterior deltoids, triceps brachialis, and biceps brachialis.  Line of 
vision is not listed due to its insignificant p-value.  The precision*grip type interaction was 
significant for the lateral deltoid and biceps brachii.  
 




Table 6.3  
Main Effect and Interaction Significance for Dependent Variables with Corresponding Statistics 
DV Posture Precision Grip Type Precision*Grip Type 
Interaction 
SCM   p=0.009,  
F1,333 =11.32 
 
TRPZ p<0.0001  
F1,333 =51.13 
 p<0.0001  
F1,333 =32.57 
 
LD   p=0.0095 
F1,333 =6.81 
 
IFS   p<0.0001  
F1,333 =25.85 
 
SPS   p=0.0095 
F1,333 =14.07 
 
DA p<0.0001  
F1,333 =37.42 


































   
Proper statistics dictates that the precision*grip type interaction be analyzed to correctly 
assess each IVs influence using the slicing technique.  Being that the main effects posture was 
found to statistically significant, a Tukey test was run to determine the muscles for which the 
means of the main effects were significantly different, at α=0.05.  Per the Tukey test, a difference 
in posture means was significant for, the upper trapezius, anterior and lateral deltoid, biceps and 
pectoralis major (Table 6.4).  In every case, a seated posture increased the level of muscle 
activity.   The graph of Figure 6.2 gives a picture of how much more muscle exertion occurs   




Table 6.4  
Posture - Tukey Results for Significantly Different Muscle Means 
Muscle Seated Standing Minimum Significant 
Difference 
TRPZ 0.3349 0.1840 0.0415 
DA 0.2079 0.1217 0.0277 
DL 0.0698 0.0486 0.0170 
BC 0.0830 0.0679 0.0140 
PM 0.19443 0.1338 0.0386 
 
 
Figure 6.2. Comparison of significant muscle activation levels for posture variable (N=365). 
when the dentist is seated.  Results are for the average NEMG muscle exertions for all 
participants for all trials (N=365).  Trapezius, anterior deltoid, and pectoralis major activities 
were 82%, 70.83%, and 45.3% greater when seated than when standing, respectively.   In a 
seated position, the exertion level for each of the muscles was greater than 5% MVIC.  When 
participants were standing the muscle exertion level was below 5% for the lateral deltoid, but 
greater for the other four muscles. 
Slicing results revealed that with precision fixed, for either the precision or nonprecision 





































infraspinatus, anterior, lateral and posterior deltoids, triceps and biceps brachii (Table 6.5).  The 
over/underhand grip required higher exertion levels than the pinch grip and in every instance 
exceeded the suggested 5% static exertion level (Figure 6.3).  In three cases (lateral and posterior 
deltoid and biceps brachii) average pinch grip muscle exertion levels were 5% or less of MVIC.  
Five of the muscles - the infraspinatus, anterior, lateral and posterior deltoids and the biceps had 
over/underhand grip exertion levels, 105.6%, 102.7%, 153%, 154.5% and 151.6% greater than 
the exertions of the pinch grip, respectively.  The triceps over/underhand exertion level was 
92.6% greater than the pinch grip force.  For two other muscles, the latissimus dorsi and 
supraspinatus, with precision fixed, the over/underhand grip type was significant when a 
precision task was performed.  Muscle exertion levels for the over/underhand grip were greater 
than the exertions levels for a pinch grip (Figure 6.4).   Average exertion levels for the 12 
participants were above 5% of the MVIC for all muscles for both the over/underhand grip (tooth 
extraction) and the pinch grip (cavity preparation).   
Table 6.5  
Slicing Results with Precision/Nonprecision Fixed – Significant Muscle Means for Grip Type 





SCM 0.1097 0.0771 0.0187 
TRPZ 0.3201 0.2003 0.0415 
IFS 0.3509 0.1707 0.0699 
DA 0.2214 0.1092 0.0277 
DL 0.0850 0.0336 0.0170 
DP 0.1270 0.0499 0.0238 
TRC 0.1140 0.0592 0.0217 
BC 0.1082 0.0430 0.0140 
Precision Only 
LD 0.1307 0.0913 0.0293 
SPS 0.1735 0.1281 0.0239 
 
 






Figure 6.3. Significant muscle exertion levels for grip type with precision or nonprecision fixed 
(N=365). 
 
Figure 6.4. Significant muscle exertion levels for grip type with precision fixed (n=192). 
When grip type was fixed and precision was varied, the precision levels were significant 
when an over/underhand grip was held.   Increased muscle exertion levels were experienced in 
six muscles - the supraspinatus, anterior, lateral and posterior deltoids, triceps and biceps brachii 
- when participants performed a precision task holding the overhand grip (tooth extraction) 
















































































task were 22% (SPS) to 93% (BC) greater than those for the nonprecision task.  Applied muscle 
forces were above 5% when either a precision or nonprecision task was performed for an 
over/underhand grip. 
 
Figure 6.5. Significant muscle exertion levels for precision with over/underhand level fixed 
(n=192). 
Since the collected data did not meet the assumption of normality the MANOVA was 
rerun using transformed (dependent variable) data and compared to the untransformed data 
results.  As with the raw NEMG untransformed data, the 4-way and 3-way interactions of the 
transformed data were not statistically significant (p>0.05 in all instances).  Again, the 2-way 
interaction, Precision*GripType was found to be statistically significant.   
A review of the MANOVA test criteria for the four main effects showed all four were 
statistically significant (p<0.05).  Therefore, the means of sitting and standing were different, 
nonprecision and precision, pinch grip and overhand/underhand grip, and at least one of means 
of the four levels of line of vision – ManA, ManP, MaxA, MaxP was different.  Table 6.6 









































Table 6.6  
MANOVA Independent Variable Statistics for Transformed Data 
IV Wilks’ Lambda F Statistic p-value 
Posture 0.6713 F11,342 = 15.22 <0.0001 
Precision 0.8508 F11,342=3.44 <0.0001 
Line of Vision 0.7685 F11,342 =2.86 <0.0001 
Grip Type 0.6586 F11,342 = 16.11 <0.0001 
Precision*Grip Type  Interaction 0.9424  F11,342 = 1.90 0.0384 
    
A Tukey test for the transformed data was not rerun for posture, precision, and grip type 
as they were previously significant.  The Tukey test was conducted to test all pairwise mean 
comparisons of the four levels of line of vision for each muscle.  For eight transformed muscles – 
sternocleidomastoid, upper trapezius, latissimus dorsi, infraspinatus, anterior deltoid, posterior 
deltoid, triceps brachii, and biceps brachii - the means of the four lines of vision were not 
significantly different.    
For both the supraspinatus and biceps brachii, the means of the ManA and ManP were 
not significantly different.  Likewise, MaxA and MaxP were not significant from one another.  
However, maxillary (anterior and posterior) means were greater than the mandibular (anterior 
and posterior) means; an indication of greater muscle exertion when the dentists performed a task 
on the top dentitions. The significantly different means changed for the pectoralis major.  In this 
case, the mandibular means (ManA, and ManP) were not significantly different from one another 
and again maxillary means (MaxA and MaxP) were not significantly different from one another.  
For this muscle greater muscle exertions occurred when a task was performed  in the mandibular 
region.  One additional revelation from the Tukey test showed that the while ManP was not 
significantly different from ManA, it was also not significantly different form MaxA and MaxP.  
The ManA mean was greater (i.e. had higher muscle exertion) than all other line of vision levels.    




As done previously, results of the transformed data were reviewed to determine on which 
dependent variables the main effects were significant.  The significant main effects and the 2-
way interaction of precision and grip type for each dependent variable are summarized in Table 
6.7.  As previously seen with the untransformed data, the main effect, grip type was significant 
for all muscles.   The effect of posture was, as before, significant for the upper trapezius, anterior 
and lateral deltoids, biceps brachii, and the pectoralis major. However, for the transformed data, 
posture is also now significant for latissimus dorsi and the supraspinatus.   Main effect, precision 
was again significant for the posterior deltoids, triceps brachialis, and biceps brachialis, but the 
precision is no longer significant factor for the lateral deltoid.  It is now a significant factor for 
the sternocleidomastoid.  The significance of line of vision existed only for the supraspinatus 
muscle, but for transformed data line of vision was significant for the infraspinatus, lateral 
deltoid, and pectoralis major.  The precision*grip type interation was significant for the biceps 
brachialis and no longer the lateral deltoid. Any differences between the original (untransformed) 
and the transformed data are shown in italics in Table 6.7.   
In addition to the MANOVA, a profile analysis (PA) was run for gender, although the 
ratio of males to females was 2:1.  The results of the PA disclosed that there was no statistically 
significant difference in the muscle exertion of the genders (the statistical means were equal).    
6.3 Correlation Between Independent and Dependent Variables 
Data analyzed from the 32 trials for the twelve participants was not found to satisfy the 
normality assumptions, therefore correlation matrices for untransformed and transformed data  
were checked.  A p-value<0.05 was used to determine significance level for correlation.    The 
relationships between each independent variable and each dependent variable, the relationship 




Table 6.7  
Transformed Data Main Effect and Interaction Significance for Dependent Variables with 
Corresponding Statistics  
DV Posture Precision Line of 
Vision 




 p=0.0225  
F1,352 =5.26 
 p<0.0001  
F1,352 =32.45 
 
tTRPZ p<0.0001  
F1,352 =118.22 
  p<0.0001  
F1,352 =54.00 
 
tLD p=0.0212  
F1,352 =5.36 
  p<0.0001 
F1,352 =20.45 
 












tDA p=0.0002  
F1,352 =60.53 






























tPM  p=0.0002 
F1,352 =14.39 







between dependent variables, and the relation between independent variables were evaluated. 
A statistically significant relationship was found between some of the independent and 
dependent variables.  For both the untransformed and transformed data, the correlation 
coefficients were weak to moderate.  The correlation coefficients are in Table 6.8 and Table 6.9.  




In both cases, grip type was correlated with every muscle.  The variable, posture was correlated 
with the upper trapezius, anterior and lateral deltoid, and pectoralis major.  When the data was 
transformed posture maintained these same correlations, but was additionally correlated 
Table 6.8  
Original Data Correlation Coefficients for Independent vs. Dependent Variables 
Muscle Posture Precision Line of Vision Grip Type 
SCM 






   
-0.1405 
IFS 






























Table 6.9   
Transformed Correlation Coefficients for Independent vs. Dependent Variables 
















































with the supraspinatus and biceps brachii.  Posture’s relationship with the upper trapezius 
changed to a positive correlation.   Precision was correlated with the lateral and posterior deltoids 
and triceps and biceps brachii for the original data.  When transformed, the correlation with the 
lateral deltoid was no longer significant, but the correlations with the sternocleidomastoid and 
the latissimus dorsi were added.  Line of vision was correlated with the supraspinatus and the 
pectoralis major, when evaluating the original data.  However, when the data was transformed 
the lateral deltoid was added.  
The untransformed DV correlation matrix for the untransformed data was found to have 
correlation coefficients [-0.1660, 0.5048].  Not all muscles were correlated.  Muscle correlations 
are shown in Table 6.10.  The strongest of the moderate coefficients was the correlation between 
the anterior and lateral deltoids with a value of 0.5048.  This was followed by the correlation 
between the anterior deltoid and the upper trapezius and the anterior deltoid and the pectoralis 
major.  The coefficient in both cases was 0.4830.  There was, interestingly, no correlation 
between the neck muscles.   
After transformation, the DVs were found to have primarily weak and moderate 
correlations, although the number of moderate correlations was increased, in comparison to the 
untransformed data.  There was a strong correlation of 0.7083 between the lateral and posterior 
deltoids.  The correlation between the anterior and lateral deltoid was strongest of the moderate 
correlations, with a coefficient of 0.6580.  This was followed by the correlation (0.6297) between 
the anterior deltoid and upper trapezius.  The correlations between supraspinatus and latissimus 
dorsi and the lateral deltoid and infraspinatus followed, with coefficients of 0.6294 and 0.6228, 
respectively.  After transformation there was a weak correlation between the neck muscles.   




Table 6.10   
Untransformed Correlation Coefficients for Dependent vs. Dependent Variables  





   
0.3963 0.2889 
LD 0.2176 








 DA 0.1820 0.4830 
 
0.2689 0.1899 
DL 0.1314 0.3413 0.1173 0.4105 0.4023 








0.2971 0.2537 0.3648 0.1897 
PM 0.3215 0.2140     -0.1660 
 
Muscle DA DL DP TRC BC PM 
SCM 0.1820 0.1314 0.2180 
  
0.3215 






    IFS 0.2689 0.4105 0.2925 0.1496 0.3648 
 SPS 0.1899 0.4023 
 
0.1586 0.1897 -0.1660 
DA 
 
0.5048 0.3640 0.1974 0.3811 0.4830 
DL 0.5048 
 
0.4017 0.2160 0.3863 0.2466 
DP 0.3640 0.4017 
 
0.1894 0.4068 0.1931 
TRC 0.1974 0.2160 0.1894 
 
0.3483 
 BC 0.3811 0.3863 0.4068 0.3483 
  PM 0.4830 0.2466 0.1931       
 
Furthermore, all dependent variables were correlated.  All statistically significant dependent 
variable relationships are shown in Table 6.11.    
6.4 Principal Component Analysis 
In this research, the technique of principal component analysis (PCA) was used primarily 
to see if any logical groupings of muscles could be realized.  When the PCA procedure was run, 
three factors were retained. This was determined by both the scree plot and the eigenvalue 




Table 6.11   
Transformed Correlation Coefficients for Dependent vs. Dependent Variables  
Muscle SCM TRPZ LD IFS SPS 
tSCM 
 
0.2475 0.5054 0.2174 0.4328 
tTRPZ 0.2475 
 
0.3033 0.5410 0.4687 
tLD 0.5054 0.3033 
 
0.5341 0.6294 
tIFS 0.2174 0.5410 0.5341 
 
0.5578 
tSPS 0.4328 0.4687 0.6294 0.5578 
 tDA 0.3823 0.6297 0.3445 0.5223 0.4149 
tDL 0.4632 0.4324 0.4024 0.6228 0.4724 
tDP 0.5432 0.3067 0.3937 0.5028 0.3877 
tTRC 0.4200 0.2300 0.3703 0.3387 0.4018 
tBC 0.3142 0.4508 0.3844 0.5805 0.2988 
tPM 0.5284 0.4101 0.3735 0.2265 0.1583 
 
 
Muscle DA DL DP TRC BC PM 
tSCM 0.3823 0.4632 0.5432 0.4200 0.3142 0.5284 
tTRPZ 0.6297 0.4324 0.3067 0.2300 0.4508 0.4101 
tLD 0.3445 0.4024 0.3937 0.3703 0.3844 0.3735 
tIFS 0.5223 0.6228 0.5028 0.3387 0.5805 0.2265 
tSPS 0.4149 0.4724 0.3877 0.4018 0.2988 0.1583 
tDA 
 
0.6580 0.4559 0.3706 0.5422 0.5549 
tDL 0.6580 
 
0.7083 0.3631 0.5793 0.3375 
tDP 0.4559 0.7083 
 
0.2472 0.5008 0.2409 
tTRC 0.3706 0.3631 0.2472 
 
0.5581 0.2727 
tBC 0.5422 0.5793 0.5008 0.5581 
 
0.2354 
tPM 0.5549 0.3375 0.2409 0.2727 0.2354   
 
greater than one rule.  PCA was initially run without rotation; an oblique PCA (Appendix H).  A 
second run was made with an orthogonal varimax rotation, in order to look for a more refined 
grouping.  While both offered three component groupings, the third component of oblique PCA 
contained only two variables which some researchers find unfavorable; suggesting that every 
component consist of at least three variables (Tabachnick & Fidell, 2007).  The orthogonal 
rotation was selected over the oblique analysis due to the ability to more accurately characterize 




the components.  Each of the orthogonal factors (components) and the variable loadings are 
shown in Figure 6.6.    
In the first component the IFS, SPS, TRPZ and DL were grouped.  Together they 








)/2.561) of the variance in component 
one.  Component one was labeled the rotator group, since all its muscles are involved with 
rotation.   The IFS and SPS are rotator cuff muscles.  The trapezius among other things, 
stabilizes, retracts, and rotates the scapula.  The lateral deltoid is a prime mover in arm 
(humerus) rotation.   
Component two labeled the flexor group contains the PM, DA, SCM and DP.  Together 
they accounted for 83% of the variance of component two.  Some of the functions of the PM are 
arm flexion, medial arm rotation and adduction, while the SCM flexes the head forward or 
laterally.  The DA a synergist of the PM, can act in humerus flexion and medial rotation.  While 
the DP is a prime mover for humerus extension, it is also active in arm adduction.  Finally, 
component three is renamed the extensor group. Muscles in this group are LD, BC and TRC.      
They explain 75.5% of the variance in the third component.  The LD acts as a prime mover for 
humerus extension, in addition to adduction and medial rotation of the arm at the shoulder.  The 
TRC is a powerful extensor, an antagonist of the forearm flexors, and its long head may help 
stabilize the shoulder joint and assist in arm adduction.  It is the antagonist of the brachialis and 
the biceps brachii.  While the biceps brachii is not an extensor, it is the antagonist of the triceps 
brachii, in addition it supinates and flexes the elbow joint, stabilizes the shoulder joint, and is a 
weak flexor of the arm at the shoulder.      
 





                        The FACTOR Procedure 
                                     Rotation Method: Varimax 
 
                               Orthogonal Transformation Matrix 
                                       1                   2                    3 
                      1         0.76798         0.50831         0.38965 
                      2        -0.48879         0.85829        -0.15628 
                      3        -0.41387        -0.07043         0.90761 
 
 
                                      Rotated Factor (Component) Pattern 
 
                                          Factor1         Factor2         Factor3 
IFS         ’Infraspinatus’                0.79275       -0.03284       0.06754 
SPS        ’Supraspinatus’                0.65705       -0.17109       0.15963 
TRPZ     ’Upper Trapezius’               0.63802         0.37431      -0.11575 
DL         ’Lateral Deltoid              0.60738        0.38837       0.25415 
PM        ’Pectoralis Major’                -0.02731        0.84127      -0.23608 
DA        ’Anterior Deltoid              0.46492        0.66831        0.12317 
SCM     ’Sternocleidomastoid’          -0.28625        0.61765        0.32685 
DP        ’Posterior Deltoid’            0.35476        0.44066        0.32314 
LD        ’Latissimus Dorsi’                -0.15739       0.07734        0.72192 
BC        ’Biceps’                       0.46129        0.12339        0.61966 
TRC      ’Triceps’                      0.24923       -0.06604        0.54856 
 
                                Variance Explained by Each Factor 
 
                               Factor1           Factor2            Factor3 
                            2.5605273       2.0769048       1.5962504 
 
 
                      Final Communality Estimates: Total = 6.233682 
 
       SCM          TRPZ             LD            IFS              SPS                 DA 
0.57025994    0.56058007    0.55191646    0.63409666    0.48646679    0.67796284 
 
           DL                        DP                   TRC                      BC                   PM 
   0.58433301      0.42445342      0.36739409      0.61199807      0.76422114 
 
 
Figure 6.6. Retained factors of PCA with loadings of variables on each factors.   




6.5 Regression Analysis - Muscle Exertion Predictions 
6.5.1 Independent variables as predictors.  Multivariate multiple regression (MMR) 
was run to determine IVs that influence the DVs and therefore enable the prediction of  muscle 
behavior. For comparison, both the  
untransformed and transformed data MMRs were analyzed.   The transformed data required the 
use of the (PROC TRANSREG) procedure and the Box-Cox transformation technique in SAS 
v9.2.  Regression coefficients for variables with p-values < 0.05, which indicated significance) 
were selected.   
Using the untransformed data and MMR procedure, the regression equations were created 
for each of the eleven muscles.  These values were found to be statistically significant with a 
p<0.0001 (Wilks’s Lambda =0.9176, F44,1341=6.21).  The R
2
 values are also given in Table 6.12. 
SCM=0.1107 - 0.0324*GripType  
TRPZ=0.6504 -0.1519*Posture -0.1209*GripType  
LD= 0.1359 -0.0392*GripType  
IFS=0.5296 -0.1800*GripType  
SPS=0.2669 -0.0194*LineofVision -0.0456*GripType  
DA=0.4254 -0.1126*GripType  
DL=0.1464 -0.0214*Posture +0.2430*Precision -0.0513*GripType  
DP=0.1666 +0.02802*Precision -0.0767*GripType  
TRC=0.1117 +0.0310*Precision -0.0544*GripType  
BC=0.1462 -0.0156*Posture +0.0360*Precision -0.0650*GripType  
PM=0.2832 -0.0615*Posture +0.0227*LineofVision -0.0525*GripType  
where  




Posture is 1 - seated or 2- standing 
Precision is 1 - nonprecision or 2 - precision 
GripType 1 - pinch grip or 2 - over or underhand 
LineofVision 1 - mandibular anterior, 2 - mandibular posterior, 3 - maxillary anterior, and 
4 - maxillary posterior 
Table 6.12   
R
2





SCM 0.0411  DL 0.1274 
TRPZ 0.1894  DP 0.1174 
LD 0.0247  TRC 0.0891 
IFS 0.0753  BC 0.2402 
SPS 0.0820  PM 0.0644 
DA 0.2295    
 
The variable found to be the most common predictor of muscle activity was grip type.  
For the anterior deltoid, latissimus dorsi, infraspinatus, and the sternocleidomastoid, grip type 
was the only predictor variable of muscle activation.  For the upper trapezius, posture was the 
additional predictor variable.  Precision was the second predictor variable for the posterior 
deltoid and the triceps brachii.  Posture and precision were the second and third predictor 
variables for the lateral deltoid and the biceps brachii.  Line of vision only appeared as a 
predictor for two muscles.  It was the second predictor for the supraspinatus and along with 
precision and grip type, line of vision was the third predictor variable for the pectoralis major. 
However, since all R
2
 values were very small, this was an indication that a low percentage of the 
variability in the muscle muscles (dependent variables) was explained by the independent 
variables – posture, precision, line of vision and grip type.  The low R
2
 indicated the regression 
equations were not a good fit.   




When the dependent variables were transformed, the regression equations were 
transformed to conform to a normal distribution and included more variables in the equations.  In 
order to interpret the muscle activation readings correctly, the values must be “retransformed.”    






























The value of lambda used for the transformation and the R
2
 values are shown in Table 6.13.   
Table 6.13  
Lambda and R
2
 Values for Transformed Muscle Regression Equations 
Muscle Wilks’ Lambda and p-value R
2 
Lambda used, λ 
SCM 
 




0.68314, p <0.0001 0.3169 
SPS 
 
0.8859, p=0.9995 0.1141 
TRC 0.8804, p=0.9987 0.1196 
BC 0.7035, p=.0003 0.2965 
PM 0.8648, p=0.9892 0.1352 
LD 
 
0.9327, p=1.000 0.0673 
λ= -0.25 
IFS 0.1477, p=0.9607 0.1477 
DL 0.7813, p=0.1801 0.2187 
DP 0.8364, p=.8661 0.1636 
DA 0.7009, p=0.0002 0.2991 λ= 0.25 
 
Using MMR procedure for the transformed data, the regression equations were created for each 
of the eleven muscles.  The variables with statistically significant p<0.05, formed the regression 
equation.    
Log (SCM) = -2.0927+ 0 .1533*Precision – 0.0077*LineofVision - 
0.3809*GripType 
 




Log (TRPZ) = 0.3528  - 0.7814*Posture – 0.5281GripType  
(LDλ - 1)/ λ = -1.8515 – 0.4493*Precision – 0.8775*GripType  
(IFS
λ
 – 1)/ λ = -0.3450 – 0.1332*LineofVision - 1.10*GripType  





 – 1)/ λ = -0.3713 – 0.3934*Posture  - 0.4906*GripType  
(DL
λ





 – 1)/ λ = -2.6803 – 0.4189*Precision  - 1.5004*GripType  
Log (TRC) =  -2.6245 + 0.4155*Precision – 0.6384*GripType  
Log (BC) =  -1.7145 – 0.2631*Posture + 0.3423*Precision – 
0.9383*GripType 
 
Log (PM) =  -2.6245 + 0.4155*Precision – 0.6384*GripType  
where 
Posture is 1 - seated or 2- standing 
Precision is 1 - nonprecision or 2 - precision 
GripType 1 - pinch grip or 2 - over or underhand 
LineofVision 1 - mandibular anterior, 2 - mandibular posterior, 3 - maxillary anterior, and 
4 - maxillary posterior 
Just as with the untransformed data, the predictor common to all muscles was grip type.   
However, for the transformed data, for each regression equation there were at least two predictor 
variables.  Again, posture was the second predictor of muscle exertion for the upper trapezius.  
For the anterior deltoid, posture became a second predictor for muscle force.   Precision 




remained the second predictor for the posterior deltoid and the triceps brachii.  Precision became 
the second predictor variable for the latissimus dorsi.  The predictors (posture, precision, and 
grip type) of biceps brachii remained unchanged.   Previously, grip type was identified as the 
only predictor variable for the sternocleidomastoid, but after data transformation, precision and 
line of vision were added as predictor variables.  Line of vision was added as the second 
predictor for the infraspinatus.  Before, line of vision and grip type were the two predictors for 
the supraspinatus, after transformation, posture became the third predictor variable.  The lateral 
deltoid predictors were previously, posture, precision, and grip type, but after transformation, 
precision was replaced by line of vision.  Finally, the predictors for the pectoralis major were 
precision and grip type.  Precision replaced posture and line of vision.  A comparative view of 
the regression equation predictor variables are shown in Table 6.14.  Yet, as before, the small R
2
 
values were an indication that a low percentage of the variability in the muscle (dependent 
variables) was explained by the independent variables – posture, precision, line of vision and 
grip type.  Therefore, the low R
2
 indicated the regression equations were not a good fit.    
Although the calculated R
2
 values in both untransformed and transformed regression 
cases showed the independent variables accounted for a low percentage of variability in each of 
the muscles, a forward stepwise regression analysis was run for the untransformed data to 
determine how much variance was accounted for by each independent variable.  A summary of 
these findings is shown in Table 6.15.  In the case of the SCM, LD, and IFS only one step was 
necessary to account for all the variance; all other variables did not meet the significance criteria.   
The stepwise was not run for the transformed data, as results would likely have yielded similar 
results.  Partial regression gives an idea of possible “dominance” of an independent variable.   




Table 6.14  




Posture Precision Line of Vision Grip Type 
SCM    X 
tSCM  X X X 
TRPZ    X 
tTRPZ X   X 
LD    X 
tLD  X  X 
IFS    X 
tIFS   X X 
SPS   X X 
tSPS X  X X 
DA    X 
tDA X   X 
DL X X  X 
tDL X  X X 
DP  X  X 
tDP  X  X 
TRC  X  X 
tTRC  X  X 
BC X X  X 
tBC X X  X 
PM X  X X 
tPM  X  X 
 
6.5.2 Dependent variables as predictors.  The previous regression equations focused 
on the relationship between the independent variables to the dependent variables.  Initial test of 
the untransformed and transformed regression equations did not yield results favorable to 
predicted muscle behavior, when only independent variables were the predictors.   
The next step was to identify muscles (dependent variables) that could be used as 
independent variables to help predict other muscle exertion levels. Ordinarily one could try a 







 of Independent Variables (IV) for Each Muscle 
Muscle Step 1 
IV/Variance 







SCM Grip Type                            
0.0324 
   
0.0324 
TRPZ Posture   
0.1149 




LD Grip Type                                  
0.0197 
   
0.0197 
IFS Grip Type                                  
0.0697 
   
0.0697 
SPS Grip Type                                  
0.0370 




DA Grip Type                                 
0.1387 












DP Grip Type                                 
0.1032 
Precision                           
0.0136     
 
0.1169 
TRC Grip Type                                 
0.0655 
Precision                           
0.0210     
 
0.0865 
BC Grip Type                                 
0.1760 
Precision                            
0.0535 
Posture                            
0.0101     
 
0.2396 
PM Posture                                  
0.0261 
Grip Type                              
0.0198 
Line of Vision                             
0.0184 0.0643 
 
combination of muscles until a combination giving the best fit was found.  However, in this case 
there are 2
11
 (2048) possible combinations (4096 combinations when the untransformed and 
transformed regression equations were both tested).  As well, there are up to 32 random 
selections of independent variable.  Initially, the upper trapezius was selected due to its high 
level activity.  It was not found to be a good predictor.   
Next, muscle correlation was considered.  The combination of the  upper trapezius and 
anterior deltoid were tested, as the anterior deltoid was found to be moderately correlated to the 
lateral deltoid and pectoralis major, and even stronger moderate correlations to additional 
muscles (infraspinatus, supraspinatus, biceps brachii, posterior deltoid and pectoralis major) 




when the data was transformed.  Using the upper trapezius and anterior as predictors yielded the 
following equations:  
Untransformed regression equations -  
SCM= 0.08530 -0.02374*GripType  + 0.08899*DA  
LD= 0.14634 -0.04137*GripType  
IFS= 0.06099 +0.07821*Posture -0.08884*GripType +0.60054*TRPZ  
SPS= 0.15868 -0.01674*LineofVision +0.13920*TRPZ  
DL= 0.01569 +0.04373*TRPZ +0.22514*DA  
DP= 0.04317 +0.03311*Posture -0.04059*GripType +0.20710*DA  
TRC= 0.10516 +0.02492*Precision -0.05086*GripType +0.09945*DA  
BC= 0.07930 +0.03421*Precision -0.04128*GripType +0.10321*DA  
PM= 0.03226 +0.02121*LineofVision +0.62862*DA  
Transformed regression equations -  
tSCM=-2.69776 +0.32498*Precision -0.36049*GripType +0.69803*tDA  
tLD=-6.36541 +0.67014*Precision -0.63705*tTRPZ -0.53398*tDA  
tIFS=-0.43502 +0.66453*Posture -0.13784*LineofVision -
0.28847*GripType +0.76464*tTRPZ +0.79246*tDA 
 
tSPS=-1.01304 +0.18071*Posture -0.06878*LineofVision +0.38161*tTRPZ 
+ 0.2702*tDA 
 
tDL=-0.61553 -0.35300*LineofVision -0.51036*GripType +2.45582*tDA  
tDP=-2.51295 +0.61921*Posture -0.81117*GripType +1.24569*tDA  
tTRC=-2.39300 +0.34617*Precision -0.36709*GripeType +0.60235*tDA  
tBC=-1.60107 +0.32546*Precision -0.59530*GripType +0.19606*tTRPZ  





tPM=-1.17191 +0.21837*LineofVision +0.17773*tTRPZ +0.92297*tDA  
The transformed regression equations accounted for more of the variance of each muscle than 
did the untransformed regression equations, as indicated by the higher transformed R
2
 values 
(Table 6.16).    
Table 6.16  
R
2






SCM 0.0553 0.1669 
LD 0.0432 0.1745 
IFS 0.2119 0.4155 
SPS 0.1239 0.3137 
DL 0.2687 0.4694 
DP 0.1938 0.2643 
TRC 0.1078 0.1957 
BC 0.2907 0.4282 
PM 0.2532 0.3794 
 
When the untransformed and transformed regression equations were tested with one set 
of the validation data the untransformed appeared to predict the expected NEMG of three 
muscles - the DP, SPS, and TRC within 2%, 5% and15%., respectively.  The transformed 
regression equations did not predict any muscle activity within reason; no predicted NEMG was 
within less than 58% of the actual value.  When two other lines of the validation data were 
tested, for one set of data the untransformed regression equations predicted the DP, SCM, BC, 
LD, DL and PM to within 4.9%, 11.7%, 17.4%, 20.2%, 26.1% and 26.1%, respectively.  The 
transformed regression equations predicted the DL within 26.1% accuracy; the same as the 
untransformed regression.  All other predictions were 80 to 1400% inaccurate.  In a third case, 
the SPS, DL and SCM were predicted to within 14.5%, 22.8%, and 28.7% respectively, by the 




untransformed regression equations.  All other predictions were 73% to 300% inaccurate.  
Likewise the DL and LD were predicted by transformed regression to 22.8% and 32.8% 
accuracy.  All other predictions were 80 to 1200% inaccurate.    
Relying on correlation as a way to select predictor variables resulted in inconsistent 
estimates of muscle exertions.  Therefore, we turned our attention to the PCA analysis.  
Remembering the three components – rotators, flexors and extensors - the four muscle rotator 
group was selected.  The IFS was selected as the predictor muscle, since it had the highest 
muscle variance level in the rotator component.  As transformed regression results lagged the 
untransformed results, only the transformed data is considered in this test.    
Use of the rotator component and the IFS as a predictor showed inconsistency in 
predicting the TRPZ (within 0.22% to 545%). and SPS (within 0.12% to 696%) muscle activity 
for three different data sets and under nine task scenarios.  It also showed consistency in not 
being able to predict DL muscle exertion; from 282% to 734.5%.  The other components were 
not tested.   
6.6 Muscle Coactivation  
Muscle coactivation is the primary interest of this research.  However, individual muscle 
activation levels for the participants were also reviewed.  This information can be found in 
Appendix I, as this section focuses on the muscle coactivation.   
6.6.1 Muscle coactivation comparisons among the twelve participants.  Muscle 
coactivation during each of the 32 trials was of interest in this study.  When evaluating the 
overall muscle exertion for the twelve participants, ranking and frequency count were used to 
determine which muscle exhibited the highest level of overall exertion for the 32 trials or task 
conditions.  The overall ranking for each trial for all participants was based on the MCI 




calculation explained in section 5.6.6.  For each trial, for each participant, the rank was based on 
muscle activity (NEMG) during the specific trial.  The muscle with the highest MCI was given 
the rank of one.  Subsequently, the rank of two through eleven was assigned to the remaining 
MCIs.  A frequency count of each muscle’s ranking was made for all trials for all participants.  
Results of the overall rankings for all tasks conditions are shown in Table 6.17.   
Table 6.17   
MCI Ranking for All Twelve Participants for All Trials 
Rank/Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 5 91 38 71 57 18 0 5 30 2 48 
2 41 101 13 42 43 61 2 22 5 5 30 
3 33 77 18 47 47 60 6 18 9 22 28 
4 39 27 25 51 38 54 11 22 19 13 66 
5 46 26 39 50 35 47 12 13 27 31 39 
6 39 15 42 50 31 24 29 23 32 45 35 
7 35 10 34 34 49 28 31 38 38 35 33 
8 44 11 36 12 27 16 24 76 34 53 32 
9 50 3 46 7 22 19 41 57 46 53 21 
10 21 4 37 1 15 21 58 69 54 68 17 
11 12 0 37 0 1 17 151 22 71 38 16 
    
When considering all participants, the upper trapezius was found to be the muscle with 
the highest MCI and thus ranked number one (91 times).  The MCI of the infraspinatus was 
ranked number one 71 times.  Observance of the frequency count revealed that for all tasks 
conditions, the upper trapezius held the top three positions for overall muscle exertion.    The 
muscle with the lowest MCI, over the 32 trials for all participants, was the lateral deltoid.  The 
remaining nine muscles were ranked between the above named muscles and in the following 
order – anterior deltoid, infraspinatus and supraspinatus, pectoralis major, sternocleidomastoid, 
latissimus dorsi, triceps brachii and posterior deltoid, and biceps brachii.  It can be noted that the 
MCI for the latissimus dorsi was ranked number one 38 times for the total number of task 




conditions.  However, this was largely due to one participant whose latissimus dorsi MCI was 
number one for all 32 trials.   
The graph shown in Figure 6.7 shows the average NEMG and standard deviation for each 
of the muscles for all participants.  The upper trapezius and infraspinatus had average muscle 
exertions of 26% NEMG, with the infraspinatus having a standard deviation of 34.18% in 
compared to 22.29% for the upper trapezius.  Five muscles had overall NEMG averages of less 
than 10% - the sternocleidomastoid (9.3%), lateral (5.9%) and posterior (8.8%) deltoids, and the 
triceps (8.7%) and biceps (7.6%) brachii .  The latissimus dorsi was 11% NEMG.  The 
supraspinatus average NEMG was 15.1% and the pectoralis major and anterior deltoid averaged 
16.4% and 16.5% NEMG, respectively.      
 
Figure 6.7. Average of the aggregate NEMG and standard deviation for each muscle for sample 
















Average NEMG by Muscle  




6.6.2 Muscle coactivation associated with the upper trapezius.  Muscle activity was  
further scrutinized when the upper trapezius MCI was ranked number one.  When allowing for 
only these 91 occurrences, slight differences in the MCI rankings could be seen.  The MCI 
rankings are shown in Table 6.18.  Though the MCI of the lateral deltoid remained lowest, the 
MCI of the infraspinatus was second, while the anterior deltoid MCI was third.  The pectoralis 
major and latissimus dorsi maintained their same ranking among the other muscles, while the 
remaining muscles MCI decreased.   
Additional analysis of the data indicated that 69 of the 91 times (76% of the time) when 
the upper trapezius was the number one ranked MCI, the participant was seated.  This revealed a 
relationship between posture and the upper trapezius.   The other independent variables did not 
show a difference in the occurrence between levels.  Evaluation of the upper trapezius when it 
was ranked as the muscle with the second highest MCI frequency count, did not reveal the same  
Table 6.18   
MCI Rankings when Upper Trapezius Ranked #1 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 0 91 0 0 0 0 0 0 0 0 0 
2 8 0 4 32 17 13 2 3 2 1 9 
3 8 0 6 14 18 21 2 5 1 6 10 
4 6 0 2 10 9 25 2 6 1 3 27 
5 10 0 11 10 15 14 3 2 4 9 13 
6 8 0 18 9 7 5 6 9 9 13 7 
7 10 0 8 9 8 9 7 10 11 9 10 
8 16 0 13 4 9 3 4 12 11 17 2 
9 18 0 16 2 7 1 9 14 3 16 5 
10 5 0 7 1 1 0 13 26 22 11 5 
11 2 0 6 0 0 0 43 4 27 6 3 
 




contrast between sitting and standing, as was seen previously.  Neither was there a noticeable 
difference in the levels of the other independent variables for this MCI ranking.   
6.6.3 Muscle coactivation comparison by independent variables.  The muscle  
coactivation data was reviewed for each of the independent variables.  When evaluated for 
posture, the data was separated by the two levels – sitting (seated) and standing.  When dentists 
were seated the upper trapezius had the highest NEMG coactivation.  In a seated condition, per 
the frequency count, the anterior deltoid had the second highest muscle coactivation.  The next 
highest exertion percentage levels were displayed by the supraspinatus and infraspinatus.  The 
exertion levels of the sternocleidomastoid and pectoralis major followed.  These muscles were 
followed by the biceps brachii.  Three other muscles the posterior deltoid, triceps brachii, and 
latissimus dorsi had the same same levels of exertion.  Again the lateral deltoid was the muscle 
with the least exertion.  The coactivation level for all muscles under this condition can be seen in 
Table 6.19.   
When dentists were in a standing posture, the infraspinatus and upper trapezius were 
ranked one and two for highest exertion percentage, respectively.  The next highest levels of 
muscle exertion were the supraspinatus, pectoralis major, sternocleidomastoid, and latissimus 
dorsi, in that order.  Still, the lateral deltoid had the lowest coactivation level.  It was also 
noteable that the supraspinatus was second to the infraspinatus with the most incidents of a 
muscle with the highest exertion level.  Table 6.20 shows the results of the standing posture.   
A breakout of the data by the independent variable precision (precision or nonprecision) 
showed that in both instances, the upper trapezius muscle exhibited the greatest amount of 
exertion.  However, the muscle with the next highest MCI was the anterior deltoid.  The 




Table 6.19   
Seated Posture MCI Results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 2 69 15 25 19 11 0 1 14 2 26 
2 15 52 5 28 25 34 2 6 2 3 12 
3 13 38 7 23 26 41 1 11 3 5 16 
4 25 9 5 26 19 32 7 11 5 7 38 
5 22 8 19 28 18 28 9 5 9 16 22 
6 18 2 20 29 15 10 21 13 16 24 16 
7 18 3 19 15 32 8 14 19 19 22 15 
8 20 3 24 6 14 1 13 34 25 30 14 
9 35 0 26 3 9 5 22 30 20 27 7 
10 12 0 18 1 6 6 30 39 38 27 7 
11 4 0 26 0 1 8 65 15 33 21 11 
 
Table 6.20   
Standing Posture MCI Results  
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 3 22 23 46 38 7 0 4 16 0 22 
2 26 49 8 14 18 27 0 16 3 2 18 
3 20 39 11 24 21 19 5 7 6 17 12 
4 14 18 20 25 19 22 4 11 14 6 28 
5 24 18 20 22 17 19 3 8 18 15 17 
6 21 13 22 21 16 14 8 10 16 21 19 
7 17 7 15 19 17 20 17 19 19 13 18 
8 24 8 12 6 13 15 11 42 9 23 18 
9 15 3 20 4 13 14 19 27 26 26 14 
10 9 4 19 0 9 15 28 30 16 41 10 
11 8 0 11 0 0 9 86 7 38 17 5 
 
supraspinatus and the infraspinatus followed with the third highest MCIs for nonprecision and 
precision, respectively.  The other muscles followed in a similar manner as seen previously.  The 
tables for the precision and nonprecision tasks conditions are displayed in Appendix J.   




Review of the four levels of the variable line of vision disclosed minimal changes in the 
MCIs.  In a comparison of the mandibular anterior and posterior levels, the MCI of the upper 
trapezius was highest for the mandibular anterior and the infraspinatus was highest for posterior; 
though the rank was determined by a count difference of one or two.  In the case of the 
mandibular anterior, the anterior deltoid and infraspinatus and supraspinatus followed in exertion 
levels.  For the maxillary anterior and posterior levels, the upper trapezius decidedly had the 
highest level of muscle exertion.  Whether viewing the mandibular or maxillary anterior, the 
sternocleidomastoid exertion level was just above that of the pectoralis major.  Muscle rankings 
for line of vision can be seen in Appendix J.   
Examination of the two levels of grip type, over/underhand and pinch grip provided much 
of the same ranking as seen previously for muscle exertion.  The rank order for muscle exertion, 
shown in Table 6.21 and Table 6.22, was as follows:  upper trapezius, anterior deltoid, 
infraspinatus and supraspinatus, pectoralis major, and sternocleidomastoid.  Noticeable was a 
Table 6.21  
Grip Type: Over/Underhand MCI Results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 3 45 19 38 22 14 0 4 15 2 20 
2 15 43 3 22 20 36 1 15 5 4 18 
3 12 40 7 21 21 31 5 11 3 19 12 
4 14 15 12 23 20 28 9 9 11 10 31 
5 21 13 13 26 17 21 8 5 16 21 21 
6 16 9 20 25 15 13 16 8 17 29 14 
7 16 6 17 18 28 9 19 22 11 17 19 
8 34 8 23 6 14 4 8 34 18 16 17 
9 29 2 21 3 15 11 24 23 21 22 11 
10 14 1 26 0 9 9 24 33 29 26 11 
11 8 0 21 0 1 6 68 18 36 16 8 
 




Table 6.22  
Grip Type: Pinch Grip MCI Results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 2 46 19 33 35 4 0 1 15 0 28 
2 26 58 10 20 23 25 1 7 0 1 12 
3 21 37 11 26 26 29 1 7 6 3 16 
4 25 12 13 28 18 26 2 13 8 3 35 
5 25 13 26 24 18 26 4 8 11 10 18 
6 23 6 22 25 16 11 13 15 15 16 21 
7 19 4 17 16 21 19 12 16 27 18 14 
8 10 3 13 6 13 12 16 42 16 37 15 
9 21 1 25 4 7 8 17 34 25 31 10 
10 7 3 11 1 6 12 34 36 25 42 6 
11 4 0 16 0 0 11 83 4 35 22 8 
 
higher rank of the biceps brachii when an over/underhand grip was used; implying a higher level 
exertion for the biceps brachii.  This phenomenon was supported by the revelation of the 
comparison of individual participant NEMG averages for over/underhand and pinch grips.  As 
seen in Figure 6.8, the average higher exertion level for an over/underhand grip was present for 
every participant.  Since the MANOVA and the regression equations identified grip type as a 
predictor of muscle force for each muscle, a comparison was made between the two levels of 
grip type for every participant.  Except in one case for one participant for the supraspinatus, use 
of the over/underhand grip resulted in an equivalent level or higher muscle activity than the 
pinch grip for every muscle.     
The MANOVA statistics also showed an interaction between the precision and grip type 
variables.  Therefore, the interaction of these variables was also ranked and the four levels of 
interaction are shown in Appendix J.  The MCI of the upper trapezius was highest in three of  






Figure 6.8. Average NEMG by participant for two levels of grip type.  
four interactions.  For the precision-pinch grip results, which represented the cavity preparation 
tasks, the infraspinatus was identified with the highest MCI.  The anterior deltoid continued to be 
ranked high in comparison to the remaining muscles under study.     
6.7 Stochastic Modeling  
A univariate procedure was run in order to create statistics for each muscle and to 
generate a histogram of each muscle’s exertion levels.  In addition, conditional probability was 
used to study the predictor-response relationship using conditional histograms.  There were a 
total of N=365 data points for each muscle.   
6.7.1 Histograms of muscle exertion activity.   For each muscle, a histogram of the 
collective percent NEMG (%NEMG) muscle activity for the twelve participants under all task 
conditions was created.  Figure 6.9 is the histograms of the sternocleidomastoid.  The histogram 
of the sternocleidomastoid shows that typical NEMG muscle exertion for the participants was 


























indicating the dentist exceeded the maximum voluntary contraction level.   The mean NEMG 
activity was 0.0933 and the median was 0.0742, indicating the center of data.  Since the 
histogram is slightly skewed in a positive direction, the mean is slightly larger than the median.  
Other basic statistical measures of variability and the quantiles Q1 and Q3 were tabulated.    
 




Range Min Max Q1 Q3 
0.0933 0.0742 0.0082 0.0908 0.0047 1.2883 0.0182 1.3065 0.0444 0.1146 
 
Figure 6.9. Histogram of the sternocleidomastoid NEMG activity vs. % occurrence and statistics.    
Figure 6.10 is the histogram of the other neck muscle, the upper trapezius.  The upper 
trapezius shows that typical NEMG muscle exertion for the participants was 0.18.  The high 
level of muscle exertion occurred at a NEMG = 1.4171; indicating the dentist exceeded the 
maximum voluntary contraction level.   The mean NEMG activity was 0.26 and the median was 
0.1879, indicating the center of data.  Since the histogram is skewed to the right, the mean is  
larger than the median.  Other basic statistical measures of variability and the quantiles Q1 and 
Q3 were tabulated.   
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Range Min Max Q1 Q3 
0.2600 0.1879 0.0497 0.2229 0.0117 1.408 0.0093 1.4171 0.1128 0.3385 
 
Figure 6.10. Histogram of the upper trapezius NEMG activity vs. % occurrence and statistics. 
The histogram of the latissimus dorsi is shown in Figure 6.11.  The latissimus dorsi 
shows that typical NEMG muscle exertion for the participants was 0.05.  The high level of 
muscle exertion occurred at a NEMG = 1.1745; indicating the dentist exceeded the maximum 
voluntary contraction level.   The mean NEMG activity is 0.1110 and the median was 0.0682, 
indicating the center of data.  The mean was larger than the median indicative of a histogram 
skewed in the positive direction.  Other basic statistical measures of variability and the quantiles 
Q1 and Q3 were tabulated. 
The histogram of the infraspinatus is shown in Figure 6.12.  The infraspinatus shows that 
typical NEMG muscle exertion for the participants was 0.125.  In numerous instances the 
recorded muscle exertions above the maximum voluntary isometric contractions.  The maximum  
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Range Min Max Q1 Q3 
0.1110 0.0682 0.0197 0.1405 0.0074 1.1691 0.0054 1.1745 0.0292 0.1308 
 
Figure 6.11. Histogram of the latissimus dorsi NEMG activity vs. % occurrence and statistics. 
 
 




Range Min Max Q1 Q3 
0.2605 0.1241 0.1168 0.3418 0.0179 2.9144 0.0206 2.9350 0.0737 0.2804 
 
Figure 6.12. Histogram of the infraspinatus NEMG activity vs. % occurrence and statistics. 
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calculated NEMG value was 2.9350.  The mean NEMG activity was 0.2605 and the median was 
0.1241, indicating the center of data.  The mean is twice as large as the median indicative of a 
histogram skewed in the positive direction.  Other basic statistical measures of variability and the 
quantiles Q1 and Q3 were tabulated.  
The histogram of the supraspinatus is shown in Figure 6.13.  The supraspinatus shows 
that typical NEMG muscle exertion for the participants was 0.06.  The highest level of NEMG 
muscle exertion occurred at 0.6780; indicating that no dentist exceeded the maximum voluntary 
contraction level.  The mean NEMG activity was 0.1507 and the median was 0.1038, indicating 
the center of data.  With a mean larger than the median, again is indicative of a histogram 
skewed in the positive direction.  Other basic statistical measures of variability and the quantiles 
Q1 and Q3 were tabulated.  
 




Range Min Max Q1 Q3 
0.1507 0.1038 0.1400 0.1183 0.0062 0.6687 0.0091 0.6778 0.0683 0.2047 
 
Figure 6.13. Histogram of the supraspinatus NEMG activity vs. % occurrence and statistics. 
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The histogram of the anterior deltoid is shown in Figure 6.14.  The anterior deltoid shows 
that typical NEMG muscle exertion for the participants was 0.06.  The highest level of NEMG 
muscle exertion occurred at 0.7847, indicating that no dentist exceeded the maximum voluntary 
contraction level.  The mean NEMG activity was 0.1651 and the median was 0.1176, indicating 
the center of data.  With a mean larger than the median, the histogram is skewed in the positive 








Range Min Max Q1 Q3 
0.1651 0.1176 0.0228 0.1509 0.0079 0.7754 0.0093 0.7847 0.0530 0.2373 
 
Figure 6.14. Histogram of the anterior deltoid NEMG activity vs. % occurrence and statistics. 
Figure 6.15 is the histogram of the lateral deltoid.  The lateral deltoid shows that typical 
NEMG muscle exertion for the participants was minimal or close to zero.  The highest level of 
NEMG muscle exertion occurred at 0.8911, indicating that no dentist exceeded the maximum 
voluntary contraction level.  The mean NEMG activity was 0.0593 and the median was 0.0304, 
indicating the center of data.  The mean is again larger than the median, therefore the histogram  
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Range Min Max Q1 Q3 
0.0593 0.0304 0.0076 0.0873 0.0046 0.8869 0.0043 0.8911 0.0149 0.0615 
 
Figure 6.15. Histogram of the lateral deltoid NEMG activity vs. % occurrence and statistics. 
is skewed in the positive direction.  Other basic statistical measures of variability and the 
quantiles Q1 and Q3 were tabulated. 
The histogram of the posterior deltoid is shown in Figure 6.16.  The typical NEMG 
muscle exertion for the posterior deltoid occurred at a minimal level or close to zero.  The 
highest level of NEMG muscle exertion occurred at 0.9698, an extreme value.  However, no 
dentist exceeded the maximum voluntary contraction level.  The mean NEMG activity was 
0.0884 and the median was 0.0430, indicating the center of data.  The mean was twice as large as 
the median and therefore, the histogram is again highly skewed in the positive direction.  Other 
basic statistical measures of variability and the quantiles Q1 and Q3 were tabulated. 
The triceps brachii histogram is shown in Figure 6.17.  The typical NEMG muscle 
exertion for the triceps brachialis occurred at 0.05.  The highest level of NEMG muscle exertion 
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Range Min Max Q1 Q3 
0.0884 0.0430 0.0144 0.1201 0.0063 0.9676 0.0022 0.9698 0.0273 0.0883 
 
Figure 6.16. Histogram of the posterior deltoid NEMG activity vs. % occurrence and statistics. 
 
 




Range Min Max Q1 Q3 
0.0865 0.0473 0.0115 0.1073 0.0056 1.0626 0.0041 1.0626 0.0220 0.1047 
 
Figure 6.17. Histogram of the triceps brachii NEMG activity vs. % occurrence and statistics. 
Dissertation Code for MANOVA and Correlation by R Pope-Ford














Dissertation Code for MANOVA and Correlation by R Pope-Ford





















occurred at 0.9698, an extreme value and outlier, though the maximum voluntary contraction 
level was not exceeded.  The mean NEMG activity was 0.0884 and the median was 0.0430, 
indicating the center of data.  The mean was twice as large as the median and therefore, the 
histogram is again highly skewed in the positive direction.  Other basic statistical measures of 
variability and the quantiles Q1 and Q3 were tabulated. 
The histogram of the biceps brachii is shown in Figure 6.18.  The typical NEMG muscle 
exertion for the biceps brachialis was 0.06.  The highest level of NEMG muscle exertion 
occurred at 1.0626 and indication of the maximum voluntary isometric contraction being 
exceeded.  The mean NEMG activity was 0.0865 and the median was 0.0473, indicating the 
center of data.  The mean was close to being twice as large as the median and therefore, the 
histogram was yet again skewed in the positive direction.  Other basic statistical measures of 
variability and the quantiles Q1 and Q3 were tabulated. 
 
 




Range Min Max Q1 Q3 
0.0865 0.0473 0.0115 0.1073 0.0056 1.0626 0.0041 1.0626 0.0220 0.1047 
 
Figure 6.18. Histogram of the biceps brachii NEMG activity vs. % occurrence and statistics. 
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The histogram of the 11
th
 muscle assessed, the pectoralis major is shown in Figure 6.19.  
The typical NEMG muscle exertion for the biceps brachialis was 0.06.  The highest level of 
NEMG muscle exertion occurred at 0.9990, close to the maximum voluntary isometric 
contraction.  The mean NEMG activity was 0.1644 and the median was 0.0952, indicating the 
center of data.  The mean was much larger than the median and therefore, the histogram was  
 
 




Range Min Max Q1 Q3 
0.1644 0.0952 0.0353 0.1879 0.0098 0.9981 0.0009 .9990 0.0523 0.1705 
 
Figure 6.19. Histogram of the pectoralis major NEMG activity vs. % occurrence and statistics. 
again skewed in the positive direction.  Other basic statistical measures of variability and the 
quantiles Q1 and Q3 were tabulated.  Since all of the histograms showed muscle exertion levels 
that were skewed to the right, the data was transformed.  A histogram of each muscle, after data 
transformation, is shown in Appendix K.    
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6.7.2 Conditional histograms – graphical analysis.  An example of a muscle’s  
conditional influence is shown for the sternocleidomastoid in Figure 6.20 through Figure 6.25.  
This data provides key information about the basic nature of muscle exertions when a muscle 
goes from its least to its highest exertion.  Figure 6.20 shows the conditional influence of the 
sternocleidomastoid (SCM) on the coactivation of the upper trapezius (TRPZ).   Changes in 
exertion in the SCM appear to have relatively no influence on the TRPZ, as the mean (and 
median) at the SCM 25 and 50
th
 percentiles remained virtually unchanged.  The mean decreased 
at the 75
th 
percentile, but increased again at the 100
th
 percentile.  The wide distribution in the 
TRPZ was apparent in all percentiles of the SCM, even with the slight decrease in distribution in 
the 75
th
 percentile.  
An examination of the LD and IFS is shown in Figure 6.21.  The LD remains at the low 
to medium levels of exertion for the for SCM activity through the 50
th
 percentile.  As the SCM 




 percentile, the mean LD exertion level increases by 64%.  As the 




 percentiles, there is an increase in the distribution of LD 
exertion as the SCM percentile increases; although the highest number of incidences occur at the 
lowest exertion level.  The IFS has its widest distribution at the 25
th
 percentile.  As the SCM 




 percentile, the activity of the IFS decreased and 
maintained low levels of force.  The mean IFS muscle exertions decreased as the SCM moved 
from the 25
th
 through the 75
th





percentile.   
Figure 6.22 shows the activity of the SPS and DA.  For the lower percentile of the SCM, 
there was a wider distribution or indication of greater variability in the SPS activity.  At the 100
th
 
percentile of the SCM, the mean SPS activity decreased, as the distribution of the SPS decreased. 





Figure 6.20. Conditional muscle comparison of the TRPZ with the four percentiles of the 


















































































































































































































































































































































































































































































































































































































































































































































































TRPZ - with SCM 75-100%





Figure 6.21. Conditional muscle comparison of the LD and IFS with the four percentiles of the 


















































































































































































































































































































































































































































































































































































































































































IFS- with SCM 75-100%





Figure 6.22. Conditional muscle comparison of the SPS and DA with the four percentiles of the 


































































































































































































































































































































































































































































































































































































































DA- with SCM 75-100%




The anterior deltoid’s lowest distribution was at the 25
th
 percentile of the SCM.  DA 




 percentile.  However, as 




 percentile, there was a small cluster at its lowest exertion 
level followed by a distribution in the mid-range of the DA exertion range.  It is at the fourth 
quartile that the mean increases by 58% over the previous three quartiles.   
Conditional histograms of the DL and DP are shown in Figure 6.23.  At all percentiles of 
the SCM the DL maintains most of its activity at the lower end of is exertion range.  There was a 
slight increase in the muscle activity, as the SCM moves from the 75
th
 to the 100
th
 percentile.  
Average muscle exertion levels remained between 3-5% MVC.  The DP maintained most of its 
exertion at a low level, regardless of the SCM percentile.  At the SCM’s 25
th
 percentile some DP 
exertions did extend beyond its lowest levels. The DP maintained a similar distribution for the 
higher SCM percentiles, but the exertion level increased slightly.  The mean 4-5% MVC 
sustained for the first three quartiles, increased to 7% in that last quartile.   
The next muscle activities evaluated were the TRC and BC histograms.  The TRC has the 
greatest variability at the SCM’s 25
th
 percentile.  The distribution appears to be bimodal at this 




 percentile, the exertion levels had less variability and were clustered 
toward its lower exertion levels.  At the SCM 75
th
 percentile the exertion levels shifts slightly to 




 percentile the TRC distribution 
expands, but remains narrower than it was at the SCM’s percentile.  The conditional influence of 
the SCM on the coactivation of the BC was minimal as it moved from the 25
th
 through the 100
th
 
percentile; as the BC exertions changed little.  The BC’s bimodal distribution occurred at the 
SCM’s 25
th
 percentile.  These distributions of the TRC and BC muscle coactivations are 
displayed in Figure 6.24. 


















































































































































































































































































































































































































































































































































































































































































































































DP- with SCM 75-100%





Figure 6.24. Conditional muscle comparison of the TRC and BC with the four percentiles of the 













































































































































































































































































































































































































































































































































































































































































































































































































BC- with SCM 75-100%




The final muscle, the PM, is a prime mover for shoulder flexion (Figure 6.25).  
Coactivation of the PM appears to be influenced by the SCM.  The distribution changes from a 
narrow distribution at the 25
th
 percentile to a wider distribution at the SCM 50
th
 percentile, with a 
136% increase in the mean and 42% in the median.  The distribution changes again to lower 
exertion levels at the 75
th





percentile.  At the last quartile, the mean %MVC level increased by 156% (77% median 
increase) over the %MVC (and median) of the third quartile.    
The remainder of the conditional histograms are presented in Appendix L.  A set of 
histograms are demonstrated for each of the ten remaining muscles for their conditional 
influence on the other muscles’ coactivation.  A review of the TRC response to the BC as it 
moves from its lowest level of exertion to its highest exertion shows that the mean exertion level 
of the TRC changes (increasing) for each of the BC four percentiles.  This is expected as the BC 
and TRC have a known agonist-antagonist relationship.  Likewise, as the DA moved through 
each of the four percentiles, the distributions of the TRPZ, DL and PM change, indicating a 
response to the DA exertions.  This validates the correlation found between the DA with the 
TRPZ, DL and PM.   
Additional selected histograms of the dentists seated and performing a precision tasks 
only with a pinch grip are shown in Appendix M.  Only the DA, PM and TRPZ are shown due to 
their relationship (correlation) with the SCM, or in the case of the TRPZ its lack of correlation 
with the SCM.  As we recall from the PCA, the DA and PM were in the same flexor group as the 
SCM.     





Figure 6.25. Conditional muscle comparison of the PM with the four percentiles of the 












































































































































































































































































































































































PM- with SCM 75-100%




CHAPTER 7  
Discussion 
7.1 Summary of Findings 
Factors such as repetitive motion, awkward posture, and fatigue can influence the 
development of MSDs.  These factors originate from either work or individual contributions 
(demographics, anthropometry, psychological, lifestyle, comorbidity, past history, and social 
factors).  This research addressed the contributing factors associated with the work environment.  
There were two objectives.  The first was to collect biomechanical data and to develop a 
comprehensive myoelectric profile of superficial muscles of the upper extremities.   This was 
achieved by recruitment of 12 dentists in phase two of the study, as epidemiological studies 
(Akesson et al., 1997; Fish et al., 2011; Hagberg & Wegman, 1987; Sommerich et al., 2000) 
have indicated that the field of  dentistry is one population where there is a high prevalence of 
MSDs in the upper extremities.   Muscle activation was assessed for each participant by studying 
the myoelectric activity of 11 muscles in the neck and shoulders with the use of EMG.   
From the data collected, we were able to gather descriptive statistics such as mean, 
standard deviation, median, minimum, and maximum muscle exertion levels.  These statistics for 
each participant for each muscle have been tabulated and included in Appendix N.  Of interest 
was not merely the mean and standard deviation of the muscle exertion, but %MVC (or NEMG), 
as it is known that high levels of muscle force increase the risk of developing MSDs.   Jonsson 
(1982) suggested a maximum acceptable “static” load of 5% muscular voluntary contractions 
(MVCs) related to maximum force/torque, a median load of 14%, and a peak load of 70%.  
Sjogaard and Jensen (2006) reported that static exertions are low-level forces which constitute a 
corresponding risk if repeated or sustained for a prolonged time. Even the once held belief that 




the tolerance level of 8% for a contraction held for one hour is not acceptable.   Further, the 2 to 
5% level is not acceptable, since static levels as low as 0.5 to 1% MVC (or NEMG) may relate to 
troubles in the shoulder area.   
A review of the NEMG for the upper extremity muscles studied indicates that each 
dentist operated at an unacceptable level of muscle exertion.  For a limited number of instances, 
7 out of 365 or 1.92% of the tasks executed, the 5% exertion level was not exceeded.  This 
occurred twice for the latissimus dorsi, twice for the lateral deltoid, and once for each the 
posterior deltoid, triceps and biceps brachii.  There were six times when participants exceeded 
5% MVC only once (or ~3%); once for each the latissimus dorsi, posterior deltoid, and biceps 
brachii, and for three participants the triceps brachii.  Similarly, participants repeatedly exceeded 
the 8% MVC levels. This is of concern, due to the likelihood of a cumulative effect of the 
postures held over the course of an eight hour work day.    
This study revealed not only the biomechanical characteristics, but also the psychosocial 
aspect of dentistry.  Despite the recorded high muscle activity for all the muscles under study and 
the reported pain symptoms in the neck, shoulder and back, by the dentists in both phase one and 
two of the study, the dentists’ self-reported being in good to excellent health.  Not one dentist 
reported time lost from work, despite discomfort.  They reported often compensating for the 
discomfort/pain by modifying their work load, seeking chiropractic care, massages, and taking 
more breaks.  This is contrary to what was observed during the observational study, where the 
dentists took only the essential breaks.   
The second objective of this research was to evaluate muscle coactivation patterns using 
the MCI, correlation, regression analysis, and stochastic modeling (conditional histograms) to 
explore the relationships and predictive measures of muscles in the neck and shoulders was also 




achieved.  The relationships explored were the independent – dependent variable relationships, 
and dependent-dependent variable relationships.  Statistical analysis showed the data did not 
meet normality assumptions, therefore the data was transformed.  The results from the 
untransformed and the transformed were compared.   
The median load of 14% discussed by Jonsson was exceeded for the upper trapezius by 9 
of the 12 participants.  It was exceeded by 5 participants for the infraspinatus and anterior 
deltoid, and four participants for the supraspinatus.  These heavy loadings provide more support 
for the findings reported in the results, regarding the rankings of the muscles regarding their MCI 
among other muscles.  They are also consistent with previous researchers (Sommerich, 
McGlothlin, & Marras, 1993).   
A look at correlation data showed that all dependent variables (muscles) were correlated 
with one or more of the independent variables.  However, these correlations between dependent 
and independent variables were weak [0.1, <0.4], with only the biceps having a moderate 
correlation coefficient of -0.4195 with grip type for the untransformed data.  When the data was 
transformed, two additional moderate correlations were formed; posture with the upper trapezius 
and grip type with the anterior deltoid.  The dependent to dependent variable associations were 
also only weak to moderate.  The strongest of the moderate correlations were between the 
anterior deltoid and three other muscles – the lateral deltoid, trapezius, and pectoralis major.  
Remarkably, the two neck muscles, the sternocleidomastoid and trapezius, used continuously as 
dentists keep their head forward and laterally rotated were statistically uncorrelated (using 
untransformed data and weakly correlated when the data was transformed).  The uncorrelated 
relationship was verified later by the conditional histograms, where the trapezius coactivation 
showed no change in its movement or distribution as the SCM exertion levels changed.    




When a MANOVA was performed using the untransformed data, there were no three or 
four way interactions found between the four independent variables – posture, precision, line of 
vision, and grip type.  The only two way interaction found was between precision and grip type, 
eliminating any concerns of multicollinearity.  Three main effects - posture, precision, and grip 
type were significant.   When the MANOVA was run for the transformed data, the results were 
the same, except the line of vision was also found to be significant.   
Through further analysis (Tukey test for the significant main effect and slicing for the 
interaction), additional knowledge of coactivity was gained.  In a seated posture the muscle 
coactivity in the upper trapezius, anterior and lateral deltoids, the biceps radii, and the pectoralis 
major were significantly higher than when the participants stood.  We saw that performing a 
precision task (in the study - cavity preparations or tooth extractions) increased muscle activity 
significantly in the lateral and posterior deltoids, triceps and biceps brachii than did nonprecision 
tasks (mirror checks and application/removal of dental dam clamps).  The over/underhand grip 
was significant for all muscles, in comparison with the pinch grip.  For some muscles, such as 
the infraspinatus, anterior, lateral, and posterior deltoids, and the biceps brachii, the exertion 
levels were 100% more than the pinch grip exertion levels.   
Based on these results, the expectation was to create regression equations that could 
predict muscle behavior consistently and within a certain degree of accuracy.  Both 
untransformed and transformed data were used to generate and test the regression equations.  As 
the independent variables were not accurate predictors, the dependent variables were added in an 
attempt to improve accuracy.  High muscle exertion was the initial criteria, then high correlation 
was added as a criteria.  This meant the trapezius and the anterior deltoid were selected as 
independent variables.  The untransformed outperformed the transformed regression equations, 




though it was inconsistent in the muscles predicted; sometimes predicting three muscles and 
sometimes predicting five muscles and not always the same muscle within 2% to 27% .  The 
degree of accuracy ranged from 2% accuracy to 300% inaccuracy.   The transformed regression 
equations were far less accurate, never predicting more than two muscles, the DL and LD at best 
within 22.8 and 33.8% accuracy.  Predictions were 22.8 to 1400% inaccurate.   
Another attempt to predict muscle behavior was tried using the results of PCA.  With 
PCA the muscles were grouped into three components - rotators (IFS, SPS, TRPZ and DL), 
flexors (PM, DA, SCM and DP), and extensors (LD, BC, TRC).  The rotator components were 
selected for regression, with the IFS as a predictor variable (the IFS had the highest variance 
coefficient in component one). Again the regression results were inconsistent; predicting the 
TRPZ and SPS within 0.22% to 545% and 0.12% to 696%, respectively. The DL predictions 
were never closer than 282% to 734.5%.  In either case, the low R
2
 values were an indication of a 
low level of variance that could be explained by the muscle regression variables. We can infer 
that there was a high degree of variability in muscle activity, and therefore the results are 
participant dependent. 
The expectation of correlation between grip type and the dependent variables remains 
consistent in the formulation of regression equations.  Grip type was the most common predictor 
of individual muscle activity.  It was the one or one of the predictor variables for all muscles.   
The MCI indicator was used to calculate the level of one muscle’s coactivation level in 
comparison to all other muscles for all tasks.  By ranking the MCI for each task performed for 
the sample population one muscle, the upper trapezius, stood out as having the highest exertion 
level.  The infraspinatus muscle also maintained high levels of exertion for many of the 
participants, relative to other muscle coactivations.  A closer look at the times when the upper 




trapezius maintained the highest coactivation level, a total of 91 times, revealed an interesting 
finding.  Looking only at the tasks associated with this phenomenon, a direct correlation with the 
independent variable posture was seen.  This agreed with the correlation relationship between 
posture and trapezius noted in correlation analysis of this study and the regression equation 
above, where posture was one of the predictor variables for the upper trapezius.  In 76% of these 
tasks the dentist was seated.   We can infer from this that seated posture leads to higher muscle 
activation in the trapezius than a standing posture.  The observed forward head posture of the 
participants of this study and the high level of upper trapezius muscle activity are consistent with 
the findings of (Weon et al., 2010) who reported increased upper and lower trapezius EMG 
activity with a forward head posture and loaded shoulder flexion.  In its relevance to dentistry, a 
seated posture was preferred by the dentists in phase one and two of this study, in order to 
minimize back pain.  We also saw that a seated posture produced higher exertions in the anterior 
and lateral deltoids, the biceps and the pectoralis major.  It could be that the effort to minimize 
back problems is leading to increased risk for shoulder disorders.   
When the data was assessed for the independent variables individually, more information 
about coactivation was revealed from the MCI rankings.  The MCI rankings provided an 
additional means of evaluation; most times in agreement with the statistical analysis.  In the 
assessment of posture for all participants and all trials, when participants were seated, in addition 
to the high activation of the trapezius the anterior deltoid MCI was second highest.  In a standing 
posture the infraspinatus MCI was highest, followed by the trapezius.  Evaluation of precision 
vs. nonprecision the MCIs of the trapezius and anterior deltoid, were again one and two in 
exertion, respectively.  The upper trapezius MCI exertions remained high for the four lines of 
vision, even though the infraspinatus MCI was slightly higher in the case of the mandibular 




posterior.  Over/underhand and pinch groups were no different in the MCI ranking of the upper 
trapezius.  This leads us to conclude that regardless of the task, high loads are placed on this 
muscle and that future interventions should place some focus on lower activity in the upper 
trapezius.  It is also noted that cavity preparation required greater posterior deltoid activity when 
standing and performing a precision task in the top of the mouth. There was also greater 
posterior deltoid activity when performing a tooth extraction in the anterior of the mouth when 
standing.    
Stochastic modeling is a useful method for estimating relative and conditional muscle 
activity.  The conditional histograms pictorially described the probabilistic behavior of one 
muscle’s activity given knowledge of another muscle’s exertion level. These histograms can be 
created to study a variety of independent variable conditions and the dependency or conditional 
influence of one dependent variable on another dependent variable.   They also help to validate 
the correlation findings.  For example, when studying the conditional probability graphs for the 
sternocleidomastoid, the graphs depict the minimal or lack of responsiveness of the upper 
trapezius to changes in exertion of the sternocleidomastoid.  Likewise the conditional graphs for 
the anterior deltoid show how the lateral deltoid exertions are influenced by the changes in 
exertion levels of the anterior deltoid.   
These conditional histograms are useful and can be used to expand the conditional 
probability tables. Further research, with additional observations could help establish the 
quantitative boundaries for a response of muscle y, based on the condition of muscle x.   Though 
“traditional” conditional probability assumes independence between two variables, muscle 
coactivation dictates conditional probability with dependent variables.  Knowledge of these types 
of conditional probability will facilitate an accurate prediction of muscle activity.   




Much of the results of this research study support the findings of previous researchers, 
regarding loads on the trapezius and the epidemiological findings of the field of dentistry.  
However, this research further contributes to the current body of knowledge by presenting a 
complete profile of the superficial muscles used by dentists and others in similar occupations that 
hold static and awkward postures.  As a result of the research, documented quantitative measures 
are available to the ergonomic, academic, the dental community, and dental equipment suppliers 
regarding the muscle coactivation patterns of highly used muscles of dental practitioners.  
Epidemiological benefits are the availability of quantitative data pertaining to identified risk 
factors leading to upper extremity MSDs in the dental profession.  The etiological benefit is the 
additional insight into the cumulative effects of aggregate muscle activity on MSDs.  Findings 
are generalizable to other healthcare professions, such as surgeons, chiropractors, physical 
therapist, veterinarians, and other occupations whose work requires the use of some or the entire 
set of muscles in the upper extremities.   
It is hoped that these findings will influence the designers of dental equipment and 
instruments; stakeholders in the minimization of MSDs in the dental profession.  Equipment 
changes are vital to minimizing musculoskeletal pain.  Currently, the dentist moves to the patient 
under treatment.  Perhaps, the patient should move to the dentist.  Some companies advocate for 
saddle style chairs that move the dentist closer to the patient, but other possibilities should be 
explored.  During the observational study, the rotatable surgical table was observed.  This idea 
could extend to a rotatable dental chair for the patient or a chair that raises and brings the patient 
to dentist; all with the goal of reducing muscle coactivation levels.   




7.2 Study Limitations   
This empirical study was designed to simulate actual dental procedures, as close as 
possible.  However, it was difficult to simulate an actual tooth extraction; hence commercially 
available glue was used.  The outcomes of this study warrant further investigation.  The upper 
trapezius and posture relationship and its relationship to other muscle activations should be 
explored more for the population under study.  Additionally, other muscle responses to 
independent variable relationships should be further examined.  While the MCI gives an 
indication of each muscle’s NEMG exertion with respect to all other muscles, the search for a 
more comprehensive way to express the overall muscle coactivation, should continue. Moreover, 
the sample size should be increased in order to attempt to achieve a normal distribution of the 
data and to eliminate or minimize anomalies that can be attributed to an individual.  The number 
of females recruited limited the analysis that could be performed to study possible gender 
differences.  Any future study should increase the percentage of women included, as some 
researchers have suggested gender as a risk factor for neck disorders (T. T. W. Chiu et al., 2002; 








CHAPTER 8  
Conclusion 
This research investigated the activation and coactivation of eleven muscles in the neck 
and shoulders.  Whereas much of the previous research looked at a subset of these muscles, this 
study was able to gather more information about the group of muscles impacted by the everyday 
movement required for dentists to perform their tasks.  The study was based solely on the 
common dental procedures performed typically in general dentistry and by some dental 
specialist.  Allowing each participant to perform the tasks using the technique and in the time 
they believed necessary, increased variability, but also external validity as it is replicable in the 
field; a tradeoff believed to be beneficial over an experiment developed to minimize variance but 
offering only internal validity.     
The first objective to collect biomechanical data and to develop a comprehensive 
myoelectric profile of superficial muscles in the upper extremities was achieved.  Through the 
assessment of the eleven neck, shoulder, and arm muscles quantifiable data was collected.  
Muscle exertion levels encountered by the population of study during their daily activity were 
recorded.  From this data, descriptive data was collected.  Mean, median, standard deviation, 
range, and standard error were calculated for each muscle.  The normalized EMG (NEMG) 
values confirmed that some of the muscles were consistently exerted at a high level (above 8%). 
The 5% MVC limit for static posture was continually violated.   It also showed that some 
muscles are particularly sensitive to certain variables, as was the case for the trapezius when the 
dentists were seated and performing tasks with a pinch grip.   
The study showed there were no strong correlations between the muscles profiled.  
However, the weak to moderate correlations with the independent variables and dependent 




variables, and correlations between muscles indicates there is a relationship and dependency.  
Regression prediction equations, had a minimal success, but were inconsistent in predicting 
muscle behavior for either the untransformed or transformed data.   
The MCI was a good indicator of the relative exertion level of each muscle under task 
performance.  We were able to see that muscles such as the upper trapezius and the infraspinatus 
had consistently high exertion levels.  The lateral deltoid had consistently low exertion levels.  
Evaluation of conditional probability for muscle coactivation via conditional histograms, 
enhanced understanding of interaction of the muscles and their dependency upon one another 
and external stimuli.  
As the number of participants was limited, the study could benefit from additional 
participants of both genders, in order to further validate the findings and study the effects of 
gender.  While we were able to gain insight into the collective activities of some of the 
superficial muscles in the upper extremities, a future study might warrant a closer look at 
modifying the instrument used for the nonprecision overhand/underhand task.  It should be 
verified that this instrument, the dental damp clamp forceps, does not too closely mimic the 
precision overhand/underhand task instrument, the tooth extraction forceps and allows for a fine 
enough distinction of the required muscle responses.   
 In addition, separate overhand and underhand tasks could be designed to ensure there is 
no significant difference in muscle responses to these two power grips.  As some participants 
transferred the mirror to the nondominant hand when performing a task, the employment of 
additional sensors would give further information on the practitioners muscle activities on the 
nondominant side.  It was noted during the observational study and mentioned during the 
empirical study that the dentists often guide or use the nondominant hand to minimize patient 




movement; further evidence of a need to record muscle exertions on the nondominant side.  In 
addition, all tasks were performed without loupes, which are worn by some dentists.  A study 
which incorporates loupes could also be used to determine their effect on muscle exertion 
minimization and ergonomic benefit.  Finally, these biomechanical findings should be combined 
with personal and organizational factors to develop a comprehensive system to identify an 
individual’s level of risk for developing MSDs.   
As revealed from the study, the coactivation levels of the profiled muscles continually 
exceed the 5% level, dentists should continue the interventions – breaks, adjustment in 
scheduling for lengthy procedures, exercise, and other methods of stress reduction.   These 
interventions cannot be the only techniques used to reduce MSDs.  Designers and makers of the 
equipment and instruments must continue to be part of the solution to minimize the MSDs.  
Dentistry is still a profession, where we fit the person to the task; violating ergonomic principals.  
This practice must change, as we focus more on fitting the task to the person.   
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Appendix A  - IRB (Renewal) Letter of Approval for Research 
 



















Greetings Dr. _____________,   
My name is Regina Pope-Ford.  I am a PhD candidate in Industrial and Systems Engineering at 
North Carolina A&T State University.  My area of concentration is human factors, with an 
emphasis in ergonomics.  I am currently conducting ergonomic intervention research in the 
profession of dentistry.  The main goal is to prevent neck and shoulder disorders in dentists.  My 
advisor is Dr. Zongliang Jiang who can be reached at 336-334-7346 ext. 527 if you would like to 
talk with him about this study.   
 
I would like to solicit your assistance.  I am currently recruiting between 10-12 participants for 
my study.  The research takes place on campus and requires approximately 2 hours.  Surface 
electrodes and sensors will be attached to your head, neck, shoulder, arm, back, and chest.   If 
you can and will assist me by participating and/or referring me to your colleagues and fellow 
dentists, active or retired, I would greatly appreciate it.  I realize dentists are very busy and your 
assistance would be a tremendously generous offer.   
 
Thank you so much for your time and prompt response.  I look forward to a call or email from 














Appendix C - Requirements & Expectations Letter 




Hello Dr.  _________________ 
Thank you for agreeing to be a participant in my research.  Enclosed in this letter you will find 
information about the experiment and particulars about the campus.  Your appointment date and 
time are included for your convenience.    
In order to participate in this research, you must meet the two following requirements:  
1. Not currently under a doctor’s care for treatment of a musculoskeletal disorder in the 
upper extremities (UE). 
2. Not have any disabilities that will limit or prohibit you from standing, sitting, moving 
your neck or your dominant hand and arm.   
If you do not meet these requirements, please call to cancel your appointment.  If you meet these 
requirements, please:   
1. Wear a loose fitting T-shirt or a tank top to your appointment, as electrodes and sensors 
will be taped to your body.  Minimize the amount of lotions and oils applied to the body.   
a. Eleven electrodes in total will be placed on your neck, shoulder, back, arm and 
chest areas.   
b. Six sensors will be placed on the head, back, and arms.   
No hair will be cut from the head, but it is possible that a very small section of body hair may 
be removed from the chest, back and arm, in order to allow tape from the electrodes and 
sensors to adhere to the skin.   
2. Allot 2 ½ hours for time to park and actual experiment time.   
3. Park in the campus parking deck on Laurel Street. A map is enclosed. 
4. Proceed to Cherry Hall, room 317. Take the elevator or stairs to the 3rd floor. 
 
Appointment date:  ____________   Time:  __________ 
If for any reason, you cannot keep your appointment, please contact me as soon as possible to 
reschedule.   





Appendix D - Discomfort Survey 
Please answer all questions to the best of your ability 
1.  Date ______________________ 2.  Gender:     Male                  Female 
3. Height:  ____________ 4. Weight:  ____________ 
5. Dominant Hand:   Left      Right        Either 
6.  How long have you worked in your current profession?   ____________ 
7. How would you rate your current level of health?  
 Poor (Debilitating and life threatening health issues)           
 Fair  (Some health issues, nonlife threatening, but controlled by medication)          
 Good (Minimal health issues, with some or no medication)   
 Excellent (No health problems nor medication) 
8. How often do you exercise? 
 Never 
 Less than 1x/week 
 1 - 2x/week 
 3 – 4x/week  
 5 – 7x/week       
9.  How often are you mentally exhausted after work?   
 Never      Occasionally       Often       Always 
10. How often are you physically exhausted after work?   
 Never       Occasionally       Often       Always 
11. Have you ever had any pain or discomfort during the last year that you believe is related 
to your work?  (If yes, continue to question 12) 
 Yes            No 










Complete the following questions for each body part identified on the body diagram.  Complete 
a separate sheet for each body part. Please make additional sheets if needed. 
Body part #1 _______________________________ 
 
13. Put a check by word(s) that best describe your problem.   
  Aching (dull persistent 
pain) 
  Pain (acute)     Tingling   Stiffness 
   Burning   
Numbness/asleep 
  Weakness   Loss of color 
  Cramping   Swelling   Other _______________ 
14. When did you first notice the problem?  (month) ____________  (year) _____________ 
15. How long does the episode last?  
 1 hr.       1 day      1 week       1 month       6 months        always present 
16. How many separate episodes have you had in the last year:  _________________ 
17.  What do you think caused this problem? 
______________________________________________________________________________
__________________________________________________________________ 
18.  Have you had medical treatment for this problem?  ⁯  Yes ⁯  No  




19. How much work time have you lost in the last year because of this problem?  ____ day(s)  
 
20. Do you or have you restricted your duty/work to light duty, because of this problem?  ⁯ 
  Yes ⁯  No      If yes, days worked per/week ______ day(s) 








Appendix E - Survey Supplement 
Work Environment/Task Analysis - Supplement to Survey     
1. Average number of patients seen/day –  
Procedures________    Hygiene/consultations _____ 
2. Average length of session ____________ 
3. Percent (estimate) of time spent - Standing ________   Sitting ________ 
4. Top 5 procedures and duration? 





    
    
    
    
    
 
5.  Percent of time for task 
Task % time Comments 
Patient consultation   
Patient procedures   
When performing procedures   
     Hold/gripping instruments   
     Repetitive motion   
Office Task   
     Typing/Keyboarding   
    Answering phone (hands free 
or handheld receiver) 
  
     Reading   
    Writing/Filing/Signing forms   
Other________________   







Appendix F – Informed Consent Form 
INFORMED CONSENT FORM 
A Study of Musculoskeletal Disorders in Dentistry: 
You have been asked to participate as a subject in a research project that involves and 
observation of you at work.  Research is a study that is done to answer a question. Please take 
your time to make your decision and ask the person presenting you with this form to explain any 




The purpose of this research is to capture with the aid of a video camera the various postures and 




If you choose to participate in the project, you will be asked to complete a discomfort survey and 
to allow your work procedure(s) to be recorded.  See confidentiality section.   
 
Electromyography (EMG) and Motion Tracking 
 
As a participant in the second phase of the study, non-invasive surface electrodes and sensors 
will be attached to monitor muscle exertion/activity and motion using EMG and a motion 
tracking systems, respectively.   Applications of electrodes and sensors involve physical contact 
between the participant and the researcher.   
 
MVIC Test Procedure 
 
Prior to the test trial, maximum voluntary isometric contractions (MVIC) will be taken.  MVIC is 
a technique used to isolate the muscle of interest during contraction and to capture the maximum 
force exerted.  These muscle contractions are captured using EMG.  MVIC task will be 
performed for each muscle.  Please see appendix 1 for a full explanation of the test criteria for 
each muscle.   
  
Risks and Benefits 
 
Your participation in the project will involve minimal risk. There are no foreseeable risks in 
participating in this study beyond those encountered in usual daily activity. It is hoped that this 
research will result in the development of a procedure that will help to assess the risk or an 
intervention that will minimize the risk of developing MSDs.   
 
Cost to Participant 
There are no costs to you while participating in this study other than your time.  It will take 
approximately two to eight hours for you to complete the study procedure. 
 
Compensation 






Confidentiality and Disclosure 
 
Efforts, such as coding research records, keeping research records secure and allowing only 
authorized people to have access to research records, will be made to keep your information 
safe. 
 
A report of general and combined results from several participants in this project will be 
prepared for the Industrial and Systems Engineering Department at North Carolina A & T State 
University, and may be submitted to a professional publication or conference at a later time.    
 
Results of this experiment will be provided for you upon written request.  A written request can 
be submitted to Regina Pope-Ford at rdpopefo@ncat.edu.   Please reference the Study of 
Musculoskeletal Disorders in Dentists. 
 
Questions About the Study 
                                      
The investigator, Regina Pope-Ford, is available to answer any questions that you have about 
your involvement in this project. Please contact Regina Pope-Ford at 336.617.6551 or by email, 
rdpopefo@ncat.edu. You may also contact my advisor, Dr. Zongliang Jiang at 336.334.7346 
x527 or by email at zjiang@ncat.edu. 
 
What Happens in Case of Injury or Illness 
 
This study involves minimal risk for injury.  Therefore, there is no compensation for injury. 
 
Your participation is voluntary. You may end your participation at any time. Refusing to 
participate or leaving the study at a later time will not result in any penalty or loss of benefits to 
which you are entitled. If you decide to stop participating in the study we encourage you to talk 
to the experimenter or study staff first. 
 
The investigators also have the right to stop your participation in the study at any time. Reasons 
the experimenter may stop your participation in this study will be due to cancellation of the 
research, any issues of safety, privacy, or urgent care that arises for the dental client during their 
procedure. 
 
If you have a question about your rights as a research participant, you should contact the 
Compliance Office at (336) 334-7995. 
 










A signed statement of informed consent is required of all participants in this project.  Your 
signature indicates that you voluntarily agree to the conditions of participation described above, 
and that you have received a copy of this Form. 
 
I agree to take part in this study. I have had a chance to ask questions about being in this study 
and have those questions answered.   
 
I understand that this study will be (Phase 1)/ could be (Phase 2) video recorded. (Should the 
study be video recorded you will be informed prior to the start of the session.)   
 
 
_____________________________    ____________________                                                                              
Signature of Subject         Date  
 
 
This information could later be used for training purposes.  Please initial the following 
statements if you agree to its possible use.   
 
_______ I agree that the information/video collected can be used for ergonomic training and/or 
classroom settings 
_______ I agree that this video can be used at a conference presentation 
 
_______ I do not agree that the information/video collected can be used for ergonomic training 
and/or classroom settings 
_______ I do not agree that this video can be used at a journal article or conference presentation 
 
 
_____________________________    ____________________                                                                              
Signature of Subject         Date  
 
Using language that is understandable and appropriate, I have discussed this project and 




____________________________       ____________________ 






Appendix 1.  Maximum Voluntary Isometric Contractions (MVIC) 
 
As a participant you will be asked to reach maximum potential strength in three seconds and to 
hold at that maximum level for five seconds.  The MVIC exertion is taken twice for each of the 
eleven muscle measures and followed by a one minute rest.  As a participant, you will be given a 
five minute break after completion of all MVIC tasks.   
 
Pressure refers to contact between the participant and the experimenter that results in a slight resistance.  
You will be told in advance of the contact.  
 
Table 1.  
Test criteria to measure MVIC for each muscle  
Muscle Function Test 
Bicep Flexes the shoulder Sitting; elbow flexion slightly less than or at a 
right angle, with the forearm in supination.  Apply 
pressure against the lower forearm, in the 
direction of extension 
Deltoid (anterior) Flexor Sitting; shoulder abduction without rotation.  
Elbow should be flexed to indicate neutral 
position of rotation.  Apply pressure against the 
dorsal surface of the distal end.of the humerus.   
Deltoid (lateral) Abduction  
Deltoid (posterior) Adduction and extension 
Infraspinatus Laterally rotates  the 
shoulder joint; stabilizes 
head of humerus in glenoid 
cavity during movement 
Prone; lateral rotation of humerus, with elbow 
held at a right angle.  Using the forearm as a lever, 
apply pressure in the direction of medially rotating 
humerus.   
Latissimus dorsi Extensor Prone; Adduction of the arm, with extension, in 
the medially rotated position.  Apply pressure 
against the forearm , in the direction of abduction 
and slight flexion of the arm.   
Pectoralis major Flexor  (clavicular part), 
adduction, and  medial 
rotation  
Supine; start with elbow extended and the 
shoulder at 90° flexion and slight medial rotation, 
the humerus horizontally adducted toward the 
sternal end of the clavicle.  Apply pressure against 
the forearm in the direction of horizontal 
abduction.       
Sternocleidomastoid Flexor Supine; elbows bent and hands beside the head, 
resting on the table. Test:  Anterolateral neck 
flexion.  Apply pressure against the temporal 
region of the head in an obliquely posterior 





Muscle Function Test 
Suprapinatus Abduction Sitting, with neck extended and laterally flexed 
toward tested side, with face turned toward 
opposite side; elbow bent at a right angle, the arm 
placed in abduction to shoulder level.  The arm is 
a few degrees forward from the mid-coronal 
plane, and held in a few degrees of external 
rotation to put it in line with the major part of the 
supraspinatus.  Hold this position against pressure.    
Trapezius (upper) Neck extensor 
(posterolateral)  
Sitting; elevation of acromial end of the clavicle, 
scapula, and posterolateral extension of neck. 
Bringing the occiput toward the elevated shoulder 
with faced turned in the opposite direction. Apply 
pressure against the shoulder in the direction of 
depression, and against the head in direction of 
flexion anterolaterally.   
Tricep Long head assists in 
adduction and extension of 
shoulder joint. 
Prone; extension of the elbow joint, to slightly less 
than full extension.  Apply  pressure against the 










Appendix G – Electrode/Sensor Placement Chart   
Sternocleidomastoid (SCM) 
 
Upper Trapezius (TRPZ) 
 













Lateral Deltoid (DL) 
 






Pectoralis Major (PM) 
 
 






Appendix H – Principal Component Analysis  
 
              The FACTOR Procedure 
                                  Initial Factor Method: Principal Components 
 
                                       Factor Pattern 
 
                                      Factor1         Factor2         Factor3 
SCM     ’Sternocleidomastoid’         0.22147         0.61896         0.37162 
TRPZ    ’Upper Trapezius’            0.63516         0.02750        -0.39548 
LD        ’Latissimus Dorsi’          0.19974         0.03049         0.71491 
IFS       ’Infraspinatus’             0.61845        -0.42623        -0.26448 
SPS      ’Supraspinatus’              0.47984        -0.49295        -0.11501 
DA       ’Anterior Deltoid            0.74475         0.32711        -0.12770 
DL       ’Lateral Deltoid             0.76290        -0.00327        -0.04806 
DP       ’Posterior Deltoid’          0.62235         0.15431         0.11542 
TRC    ’Triceps’                      0.37158        -0.26423         0.39938 
BC       ’Biceps’                     0.65844        -0.21641         0.36280 
PM      ’Pectoralis Major’            0.31467         0.77230        -0.26222 
 
 
                             Variance Explained by Each Factor 
                            Factor1         Factor2         Factor3 
                           3.2996997      1.6533851    1.2805976 
 
                  Final Communality Estimates: Total = 6.233682 
 
  SCM            TRPZ          LD             IFS            SPS          DA 
0.57025994    0.56058007    0.55191646    0.63409666    0.48646679    0.67796284 
 
        DL             DP            TRC             BC          PM 






                              The FACTOR Procedure 
                  Initial Factor Method: Principal Components 
 
                      Prior Communality Estimates: ONE 
 
 
         Eigenvalues of the Correlation Matrix: Total = 11  Average = 1 
 
                  Eigenvalue    Difference    Proportion    Cumulative 
 
             1    3.29969975    1.64631462        0.3000        0.3000   
             2    1.65338512    0.37278750        0.1503        0.4503 Lambda>13  
             3    1.28059762    0.30284728        0.1164        0.5667        components 
             4    0.97775034    0.19551321        0.0889        0.6556 
             5    0.78223713    0.03693074        0.0711        0.7267 
             6    0.74530639    0.09567711        0.0678        0.7945  75% of variance 
             7    0.64962928    0.14865201        0.0591        0.8535  80% of variance 
             8    0.50097727    0.05699232        0.0455        0.8991 
             9    0.44398496    0.06785656        0.0404        0.9394 
            10    0.37612840    0.08582466        0.0342        0.9736 
            11    0.29030373                      0.0264        1.0000 
 







                                 The SAS System            
                              The FACTOR Procedure 
                  Initial Factor Method: Principal Components 
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Appendix I –  Muscle Activation by Participant 
 
Each individual muscle was reviewed by participant.  The mean, median, minimum, and 
maximum between participants was observed in each case for all 32 trials.  The standard 
deviation of the NEMG by participant was also calculated.  For the sternocleidomastoid, shown 
in Figure I.1 the lowest average NEMG was for participant three with a NEMG of 3.78%.  The 
highest NEMG, 18.48% was recorded for participant seven.  Four of the twelve participants 
averaged less than 5% NEMG and eight less than 10%.  The median of the average NEMG for 
the twelve participants was 8.39%.  With the exception of what appeared to be obvious 
anomalies, there was minimal variance between the muscle exertion levels in relation to the 
independent variables.    
In comparison to the sternocleidomastoid, the NEMG for the upper trapezius was much 
higher.  For only two participants, the average NEMG was 10% or below, with participant 12 at 
9.76%.  The highest average NEMG was recorded for participant three at 58.32%.  The median 
of the averages for all participants was 23.05%.  The averages for all participants are shown in 
Figure I. 2.  Among all participants, for all tasks conditions, there was an obvious pattern of 
higher muscle exertion levels when the dentists were seated rather than standing; excepting five 
occurrences.  These demarcations were even greater when a cavity preparation or mirror checked 
was performed; implying greater exertion when dentists were seated and holding a pinch grip.  
Since the cavity preparation was a precision task and a mirror check was a nonprecision task, 






Figure I.1. Sternocleidomastoid NEMG average by participant with error bars indicating 
standard deviation (n=32).  
 
Figure I. 2. Upper trapezius NEMG average by participant with error bars indicating standard 
deviation (n=32).   
From this we can infer that the most significant variables were the posture (seated) and grip type 
(pinch grip).  Two examples of this phenomenon for the upper trapezius muscle are shown in 










































Figure I.3. Upper trapezius contrast of seated (S) vs. standing (ST) posture with pinch grip 
precision task in mandibular anterior.   
 
 
Figure I 4. Upper trapezius contrast of seated (S) vs. standing (ST) posture with pinch grip 






































For the latissimus dorsi for the minimum and maximum %NEMG were 1.79% and 
35.95%, respectively.  In 7 of 12 cases, the mean %NEMG was at or below 7.27%.  In all but 
two cases the %NEMG was below 14.7%.  The median for the averaged %NEMGs for all 
participants was 8.2%.  In many instances, the muscle activation for the participants was less 
than 5% NEMG.  Participant averages for the latissiumus dorsi are shown in Figure I.5.   
Participant 12 was an exception, as this dentist experienced more muscle exertion in this muscle 
than any other muscle. 
Shown in Figure I.6 are the participant means for the infraspinatus.  The mean 
infraspinatus exertion varied widely for this muscle.  Eight of twelve dentists averaged a NEMG 
over 10%.  The minimum of 4.8% and maximum of 71.4% NEMG were documented.  However, 
the median for the averaged muscle activity was 14.4%.  A review of the task conditions, 
revealed there were numerous instances where the muscle exertion level was greater than 10% 
NEMG.   
When the data was sorted by line of vision, a pattern became apparent.  Muscle exertions were 
higher when a participant was standing, performing a precision task, and looking in the posterior 
of the mouth.  For five dentitsts, the muscle exertion exceeded the maximum voluntary 
contraction levels (NEMG > 1), when a precision task and pinch grip were held.  Muscle 
exertions were also high when the dentist stood while performing a precision task and holding an 
over/underhand grip.   This was true more often when looking in the posterior of the mouth, 
either mandibular or maxillary.  On the contrary, for nonprecision tasks, regardless of grip type 
and line of vision, in a seated posture the muscle exertion levels tended to be higher than when 
the dentists stood.   Three examples of the above mentioned scenarios are shown in Figure I.7 






Figure I.5. Latissimus dorsi NEMG average by participant with error bars indicating standard 
deviation (n=32).    
 
Figure I.6. Infraspinatus NEMG average by participant with error bars indicating standard 








































Figure I.7. Infraspinatus contrast of seated (S) vs. standing (ST) posture with pinch grip 
precision task looking at the mandibular posterior. 
 
Figure I.8. Infraspinatus contrast of standing (ST) vs. seated (S) posture with over/underhand 















































Figure I.9. Infraspinatus contrast of seated (S) vs. standing (ST) posture with over/underhand 
grip precision task looking at the maxillary anterior for. 
The NEMG of the supraspinatus for the participants saw fewer extremes than those 
recorded for the infraspinatus.  Participant averages for the supraspinatus are shown in Figure 
I.10.  Minimum and maximum NEMGs were 7.2% and 34.1%, respectively.  The mean of 
NEMG for 6 of 12 dentists was at 10.1% or below.  The median for the averaged NEMGs for all 
participants was 11.26%.  Graphically, when the data was sorted by line of vision, it disclosed 
that for some dentists, either in the mandibular or maxillary posterior views, higher muscle 
exertions were experienced in a standing position and when performing a precision or 
nonprecision task with a pinch grip.  Two examples of these occurrences are shown in Figure 
I.11 and Figure I.12.  For task requiring an over/underhand grip, the distinction between a pattern 
was not clearly identified.   
The average NEMG for the anterior deltoid for the dentists ranged from a minimum of 
3.7% to 33.86%. Only four dentists averaged a NEMG below 10%, while three had average 




















Figure I.10. Supraspinatus NEMG average by participant with error bars indicating standard 
deviation (n=32). 
 











































Figure I.12. Contrast of standing (ST) vs. seated (S) posture with pinch grip nonprecision task 
looking at the maxillary posterior. 
of the anterior deltoid is shown in  Figure I.13.  When reviewed for the effects of the independent 
variables, graphs of the anterior deltoid response showed that there was a sensitivity to posture.  
In only 8% of the instances where seated and standing posture could be compared, was the 
muscle exertion for standing posture greater than the muscle exertion of the dentists in a  
 









































seated posture. Even in these occasions, more than 1 of 3 times the higher standing NEMG could 
be attributable to one dentists.  An example of this activity is shown in Figure I.14.    
 
Figure I.14. Anterior deltoid contrast of seated (S) vs. standing (ST) posture with an 
over/underhand grip precision task in the maxillary anterior. 
The average NEMG for the lateral deltoid were some of the lowest for the aggregate of 
muscles tested.  No dentists exceeded his or her maximum voluntary contraction level.  In 
addition, no one had a mean NEMG greater than 9.5%.  The minimum NEMG average was 
2.38% and the median for all participants was 5.86%.    When viewed graphically, for the 
recognizable relationships with the patterns with independent variables, none were found.  The 
participant comparisons for the lateral deltoid are found in Figure I.15.   
Posterior deltoid muscle exertions were also low.  The graph of the participant average 
NEMG is shown in Figure I.16.  The minimum NEMG was 1.93% and the maximum for an 
individual was 23.77%.   The median for all participants was 4.26%.  Nine of the 12 participants 






















viewing the graphical presentations of the posterior deltoid for relationships with independent 
variables, no definitive pattern was established.   
 
Figure I.15. Lateral deltoid NEMG average by participant with error bars indicating standard 
deviation (n=32). 
 








































The triceps brachii  was also a muscle with relatively low muscle exertions.  Its minimum 
NEMG was .6%  and its maximum was 30.8%.  The median of the averages for all participants 
was 8.14%.  Ten of the 12 dentists had an average NEMG of 9.67% or less.   These values are 
shown in Figure I.17.  Examination of the triceps brachii for its relationship to the independent 
variables revealed sensitivity of the triceps brachii to grip type.  With the exception of one 
participant, when the other three variables are allowed to change, the higher muscle exertions 
were encountered when participants performed tasks requiring an over/underhand grip.  
Participant responses are shown in Figure I.18.   
The biceps brachii is another muscle with moderate exertions.  The minimum average 
NEMG among the participants was 1.71% and the maximum was 13.91%.  The highest NEMG 
recorded for any dentist was 67.7%.  For all participants, the median of averages was 
 
Figure I.17. Triceps brachii NEMG average by participant with error bars indicating standard 























Figure I.18. Triceps brachii response to the over/hand and pinch grip.   
6.82%.  Comparisons among the participants are shown in Figure I.19.  Assessment of the biceps 
brachii for its response to the independent variables indicated, a relationship to grip type.  Just as 
with the triceps brachii, participants experienced higher exertion levels in the biceps brachii 
when performing tasks with the over/underhand grip.  See Figure I.20 for bicep responses to the 
two grip types.      
 
Figure I.19. Biceps brachii NEMG average by participant with error bars indicating standard 







































Figure I.20. Biceps brachii response to the over/hand and pinch grip.   
The last muscle is the pectoralis major.  The minimum average NEMG was 5.04% and 
the maximum among the participants was 52.77%.  While the median NEMG for the group was 
9.06%, there were eight participants whose NEMG was below 10%.  See Figure I.21 for the 
pectoralis major behavior.  Graphical evaluation of the pectoralis major for its response to the 
independent variables did not reveal a clear pattern of response to these variables.  However, it is 
interesting to note that for four dentists (participants 2, 5, 8, and 11),  as seen in Figure I.22 when 
responses  were monitored for line of vision, there was a clear difference in the behavior in the 
pectoralis major.  This supports the results of the transformed data  Tukey test where the means 
of the line of vision were significantly different for the pectoralis major.   For precision (either 
cavity preparation or tooth extraction) tasks, when the dentist was standing, there was a much 
higher level of muscle exertion than when he/she was seated.  For these same dentists, the 
response was the complete opposite when seated and nonprecision tasks (mirror check or dental 
dam application/removal) was performed.  The muscle exertion level was much higher when 



























Figure I.21. Pectoralis major NEMG average by participant with error bars indicating standard 
deviation (n=32).   
 
 
Figure I.22. Contrast of standing (ST) vs. sitting (S) high exertion level for pectoralis major for 








































Figure I.23. Contrast of sitting (S) vs. standing (ST) high exertion level for pectoralis major for a 






















Appendix J - Muscle Coactivation Independent MCI Comparisons 
 
Table J1.1   
Nonprecision MCI results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 1 45 22 33 29 8 0 2 13 0 24 
2 20 56 4 23 21 28 0 8 3 0 14 
3 18 39 7 23 26 31 2 10 0 7 14 
4 19 12 17 28 19 33 2 10 3 3 31 
5 24 11 19 26 18 20 4 9 11 15 20 
6 14 7 21 21 15 9 17 8 20 24 21 
7 23 3 17 14 23 13 16 15 20 19 14 
8 18 3 14 6 14 9 13 39 18 28 15 
9 25 1 19 3 8 7 21 33 25 25 10 
10 11 0 23 0 4 9 32 31 24 37 6 
11 4 0 14 0 0 10 70 12 40 19 8 
 
Table J1.2   
Precision MCI results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 4 46 16 38 28 10 0 3 17 2 24 
2 21 45 9 19 22 33 2 14 2 5 16 
3 15 38 11 24 21 29 4 8 9 15 14 
4 20 15 8 23 19 21 9 12 16 10 35 
5 22 15 20 24 17 27 8 4 16 16 19 
6 25 8 21 29 16 15 12 15 12 21 14 
7 12 7 17 20 26 15 15 23 18 16 19 
8 26 8 22 6 13 7 11 37 16 25 17 
9 25 2 27 4 14 12 20 24 21 28 11 
10 10 4 14 1 11 12 26 38 30 31 11 







Table J1.3   
Line of Vision: Mandibular Anterior MCI results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 2 19 10 17 16 6 0 1 8 1 11 
2 12 25 3 12 11 16 0 4 0 2 6 
3 8 19 3 15 15 14 3 5 1 3 5 
4 12 8 7 17 7 15 2 6 6 4 7 
5 10 7 7 11 8 12 6 4 9 8 9 
6 7 6 9 7 6 7 9 10 6 11 13 
7 7 4 13 7 11 6 10 9 8 7 9 
8 11 2 12 4 7 2 5 16 12 12 8 
9 13 1 12 0 3 3 15 18 9 8 9 
10 6 0 7 1 7 5 16 11 11 21 6 
11 3 0 8 0 0 5 25 7 21 14 8 
 
Table J1.4   
Line of Vision: Mandibular Posterior MCI results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 2 20 6 21 15 4 0 2 7 1 12 
2 8 24 3 9 12 18 1 6 2 2 5 
3 4 22 3 13 11 14 2 9 2 5 5 
4 7 6 6 12 14 11 5 1 5 2 21 
5 12 8 10 10 3 15 3 3 4 8 14 
6 13 3 13 14 6 7 9 5 8 9 3 
7 7 3 9 5 14 6 9 13 10 9 5 
8 13 3 8 5 7 2 3 21 7 12 9 
9 12 1 12 1 6 3 11 13 12 15 4 
10 8 0 8 0 1 7 16 11 17 17 5 






Table J1.5   
Line of Vision: Maxillary Anterior MCI results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 1 31 11 16 12 3 0 1 5 0 11 
2 10 24 3 12 11 12 1 4 3 1 10 
3 13 18 6 7 11 15 0 2 4 8 7 
4 8 6 6 13 8 15 1 8 3 3 20 
5 12 7 10 14 15 11 0 2 7 5 8 
6 7 0 10 15 8 5 7 5 12 13 9 
7 11 0 5 11 10 8 6 11 8 13 8 
8 9 4 9 0 5 8 8 18 6 16 8 
9 12 1 11 3 7 4 9 13 11 14 6 
10 5 0 10 0 4 5 13 24 15 12 3 
11 3 0 10 0 0 5 46 3 17 6 1 
 
Table J1.6  
Line of Vision: Maxillary Posterior MCI results 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 0 21 11 17 14 5 0 1 10 0 14 
2 11 28 4 9 9 15 0 8 0 0 9 
3 8 18 6 12 10 17 1 2 2 6 11 
4 12 7 6 9 9 13 3 7 5 4 18 
5 12 4 12 15 9 9 3 4 7 10 8 
6 12 6 10 14 11 5 4 3 6 12 10 
7 10 3 7 11 14 8 6 5 12 6 11 
8 11 2 7 3 8 4 8 21 9 13 7 
9 13 0 11 3 6 9 6 13 14 16 2 
10 2 4 12 0 3 4 13 23 11 18 3 








Precision & Grip Type: Nonprecision-Over/underhand Grip MCI results – Apply/Remove Dental 
Dam Clamps 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 1 20 3 19 13 6 0 1 6 0 10 
2 5 25 0 10 7 15 0 5 3 0 9 
3 5 20 4 7 8 17 2 7 0 5 4 
4 6 5 8 13 9 14 2 5 0 3 14 
5 11 4 8 12 9 11 3 3 4 6 8 
6 3 1 10 9 6 5 10 3 9 14 9 
7 11 2 8 5 12 3 9 10 5 7 7 
8 14 2 8 2 8 3 4 16 7 10 5 
9 14 0 6 2 5 3 14 10 12 9 4 
10 7 0 17 0 2 2 8 9 12 16 6 




Precision & Grip Type: Nonprecision-Pinch Grip MCI results – Mirror Check 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 0 23 11 11 13 2 0 1 7 0 14 
2 7 31 4 10 9 13 0 3 0 0 5 
3 13 12 3 13 13 14 0 3 0 1 10 
4 13 3 9 13 8 13 0 5 3 0 15 
5 13 5 8 13 9 9 0 6 4 4 11 
6 11 5 9 11 8 4 5 5 6 7 11 
7 12 1 7 8 11 9 7 4 10 8 5 
8 4 1 5 3 6 5 6 22 8 16 6 
9 8 1 13 0 3 4 7 14 13 15 4 
10 1 0 6 0 2 5 18 17 12 21 0 







Precision & Grip Type: Precision-Over/underhand Grip MCI results – Tooth Extraction 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 2 25 8 19 9 8 0 3 9 2 10 
2 6 16 3 12 12 21 1 10 2 4 8 
3 4 20 3 12 11 14 3 4 3 14 7 
4 7 8 4 9 10 14 7 4 9 7 16 
5 10 8 5 12 7 10 5 2 11 13 12 
6 13 5 10 16 8 8 6 5 7 12 5 
7 5 4 9 11 15 6 9 12 5 8 11 
8 20 6 15 3 5 1 4 17 9 5 10 
9 15 2 15 1 10 6 9 10 8 13 6 
10 7 1 9 0 7 5 13 21 17 10 5 
11 6 0 14 0 1 2 38 7 15 7 5 
 
Table J1.10 
Precision & Grip Type: Precision-Pinch Grip MCI results – Cavity Preparation 
Freq 
Count SCM TRPZ LD IFS SPS DA DL DP TRC BC PM 
1 0 18 7 21 16 0 0 0 8 0 15 
2 11 27 4 10 11 10 1 2 0 3 6 
3 11 17 5 11 8 13 3 3 1 5 8 
4 10 4 4 9 8 9 6 8 6 2 19 
5 9 6 12 12 7 18 1 3 7 4 6 
6 10 4 8 10 11 10 4 9 5 6 8 
7 8 2 5 10 11 8 5 10 14 7 5 
8 11 5 9 1 7 5 6 15 5 15 6 
9 8 0 12 0 4 6 13 8 12 18 4 
10 3 2 10 1 2 5 12 23 8 15 4 













          ‘Upper Trapezius’ Transformation 
Dissertation Data by Regina Pope-Ford
Transformed Data

















Dissertation Data by Regina Pope-Ford
Transformed Data






















Dissertation Data by Regina Pope-Ford
Transformed Data















Dissertation Data by Regina Pope-Ford
Transformed Data























Dissertation Data by Regina Pope-Ford
Transformed Data














Dissertation Data by Regina Pope-Ford
Transformed Data

























Dissertation Data by Regina Pope-Ford
Transformed Data















Dissertation Data by Regina Pope-Ford
Transformed Data


























Dissertation Data by Regina Pope-Ford
Transformed Data















Dissertation Data by Regina Pope-Ford
Transformed Data

























Dissertation Data by Regina Pope-Ford
Transformed Data






















Appendix L  - Conditional Histograms:  Seated-Pinch Grip 
Comparative muscle conditions when the biceps brachii is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the anterior deltoid is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the lateral deltoid is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































DA and DP distributions when the DL is at each of the four percentiles 
 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the posterior deltoid is at 0-25, >25-50, >50-75, 
and >75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis 
is the range of %NEMG activity for a given muscle. 
 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the infraspinatus is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the latissimus dorsi is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the pectoralis major is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the supraspinatus is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the upper trapezius is at 0-25, >25-50, >50-75, and 
>75-100 percentiles. The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle.   
 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the triceps brachii is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix M  - Conditional Histograms:  Seated-Pinch Grip–Precision only 
 
Comparative muscle conditions when the sternocleidomastoid is at 0-25, >25-50, >50-75, 
and >75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis 
is the range of %NEMG activity for a given muscle. 
 
 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the upper trapezius is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the anterior deltoid is at 0-25, >25-50, >50-75, and 
>75-100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is 
the range of %NEMG activity for a given muscle. 
 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Comparative muscle conditions when the pectoralis is at 0-25, >25-50, >50-75, and >75-
100 percentiles.  The vertical axis is the frequency of occurrence and the horizontal axis is the 
range of %NEMG activity for a given muscle. 
 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix N  - Participant Statistics and %MVC Exceeded 
Tables of percent times %MVC (NEMG) exceeded suggested limitation for static posture.  
 
Table N.1  
Sternocleidomastoid Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





SCM 1 0.0888 0.0489 0.0710 0.0427 0.2638 95.24 38.10 
 
2 0.0860 0.0130 0.0816 0.0669 0.1058 100.00 57.69 
 
3 0.0395 0.0210 0.0307 0.0232 0.1231 12.90 3.23 
 
4 0.0637 0.0100 0.0635 0.0492 0.0892 96.88 9.38 
 
5 0.0427 0.0094 0.0423 0.0286 0.0664 16.13 0.00 
 
6 0.1407 0.0633 0.1158 0.0868 0.3390 100.00 100.00 
 
7 0.1848 0.2194 0.1357 0.0495 1.3065 96.88 78.13 
 
8 0.0819 0.0207 0.0754 0.0520 0.1373 100.00 40.63 
 
9 0.1513 0.0856 0.1333 0.0841 0.5539 100.00 100.00 
 
10 0.0378 0.0205 0.0303 0.0208 0.1093 15.63 9.38 
 
11 0.0501 0.0427 0.0311 0.0182 0.1719 25.00 15.63 






Table N.2  
Upper Trapezius Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





TRPZ 1 0.2890 0.1666 0.3017 0.0853 0.6055 100.00 100.00 
 
2 0.1070 0.0496 0.1148 0.0387 0.2296 92.31 61.54 
 
3 0.5832 0.3009 0.5457 0.1431 1.3159 100.00 100.00 
 
4 0.3206 0.3075 0.2095 0.0691 1.4171 100.00 96.88 
 
5 0.1612 0.0823 0.1291 0.0768 0.3618 100.00 93.55 
 
6 0.1851 0.1366 0.1678 0.0226 0.5802 84.38 75.00 
 
7 0.4164 0.2072 0.3726 0.1323 0.9612 100.00 100.00 
 
8 0.1875 0.0642 0.1843 0.0469 0.2880 96.88 93.75 
 
9 0.3003 0.2295 0.2319 0.0515 0.9489 100.00 84.38 
 
10 0.2498 0.1907 0.2161 0.0093 0.6387 81.25 75.00 
 
11 0.2112 0.0996 0.2157 0.0121 0.4566 93.75 93.75 
  12 0.0976 0.0612 0.0762 0.0451 0.3385 93.75 50.00 
 
Table N.3  
Latissimus Dorsi Participant Statistics and %MVC Exceeded      
              %Time Exceeded 
Muscle Participant Mean 
Std. 





LD 1 0.0727 0.0357 0.0617 0.0330 0.1854 85.71 19.05 
 
2 0.0353 0.0041 0.0350 0.0285 0.0437 0.00 0.00 
 
3 0.1249 0.0252 0.1231 0.0911 0.1968 100.00 100.00 
 
4 0.0911 0.0143 0.0925 0.0678 0.1249 100.00 75.00 
 
5 0.0310 0.0092 0.0297 0.0200 0.0617 3.23 0.00 
 
6 0.1205 0.2509 0.0239 0.0054 1.0000 21.88 21.88 
 
7 0.0420 0.0289 0.0290 0.0166 0.1239 25.00 15.63 
 
8 0.0463 0.0167 0.0427 0.0255 0.0894 28.13 6.25 
 
9 0.2228 0.0866 0.2019 0.1199 0.5317 100.00 100.00 
 
10 0.0179 0.0064 0.0166 0.0111 0.0381 0.00 0.00 
 
11 0.1469 0.1081 0.1040 0.0581 0.5258 100.00 71.88 






Table N.4  
Infraspinatus Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





IFS 1 0.1349 0.0430 0.1330 0.0732 0.2128 100.00 90.48 
 
2 0.0480 0.0154 0.0452 0.0265 0.1068 34.62 3.85 
 
3 0.6585 0.2931 0.5892 0.3336 1.5801 100.00 100.00 
 
4 0.3165 0.2698 0.2633 0.0347 1.0000 93.75 87.50 
 
5 0.0920 0.0324 0.0851 0.0405 0.1984 96.77 58.06 
 
6 0.1284 0.0756 0.1051 0.0360 0.3098 87.50 75.00 
 
7 0.1858 0.1525 0.1475 0.0514 0.7831 100.00 75.00 
 
8 0.0756 0.0383 0.0647 0.0277 0.1864 62.50 40.63 
 
9 0.1539 0.0984 0.1267 0.0754 0.6158 100.00 96.88 
 
10 0.4603 0.5241 0.2988 0.0423 2.9350 96.88 93.75 
 
11 0.7141 0.5482 0.5342 0.1064 1.7644 100.00 100.00 
  12 0.0827 0.0484 0.0745 0.0206 0.1926 71.88 40.63 
 
Table N.5  
Supraspinatus Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





SPS 1 0.2484 0.1056 0.2202 0.1112 0.4643 100.00 100.00 
 
2 0.0947 0.0494 0.0895 0.0225 0.2047 80.77 53.85 
 
3 0.1902 0.1228 0.1604 0.0325 0.4886 93.55 80.65 
 
4 0.0721 0.0477 0.0533 0.0276 0.2537 59.38 31.25 
 
5 0.0731 0.0259 0.0730 0.0166 0.1267 77.42 38.71 
 
6 0.1316 0.0896 0.0987 0.0339 0.3752 87.50 62.50 
 
7 0.0967 0.0556 0.0803 0.0331 0.2623 87.50 50.00 
 
8 0.2695 0.0803 0.2344 0.1817 0.4776 100.00 100.00 
 
9 0.1236 0.0643 0.0996 0.0435 0.2990 90.63 75.00 
 
10 0.0880 0.0633 0.0704 0.0091 0.2128 56.25 46.88 
 
11 0.3411 0.1516 0.3193 0.0920 0.6778 100.00 100.00 






Table N.6  
Anterior Deltoid Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





DA 1 0.0421 0.0312 0.0279 0.0116 0.1220 38.10 9.52 
 
2 0.0517 0.0360 0.0484 0.0124 0.1539 46.15 15.38 
 
3 0.2175 0.1941 0.1488 0.0406 0.6638 90.32 70.97 
 
4 0.1438 0.1022 0.0960 0.0556 0.5230 100.00 78.13 
 
5 0.1524 0.1075 0.1154 0.0491 0.4151 96.77 64.52 
 
6 0.3072 0.1861 0.2685 0.0529 0.7443 100.00 90.63 
 
7 0.2099 0.1272 0.1892 0.0406 0.4450 87.50 78.13 
 
8 0.1391 0.0888 0.1406 0.0247 0.4016 75.00 68.75 
 
9 0.3386 0.1590 0.3177 0.1344 0.7847 100.00 100.00 
 
10 0.0756 0.0537 0.0690 0.0093 0.1971 59.38 40.63 
 
11 0.2042 0.1192 0.1705 0.0213 0.4706 90.63 84.38 
  12 0.0371 0.0269 0.0205 0.0159 0.1137 31.25 9.38 
 
Table N.7  
Lateral Deltoid Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





DL 1 0.0281 0.0242 0.0207 0.0061 0.0929 19.05 4.76 
 
2 0.0097 0.0067 0.0074 0.0043 0.0330 0.00 0.00 
 
3 0.0224 0.0253 0.0111 0.0078 0.1199 9.68 6.45 
 
4 0.1022 0.1575 0.0489 0.0231 0.8911 50.00 37.50 
 
5 0.0254 0.0075 0.0243 0.0145 0.0455 0.00 0.00 
 
6 0.1083 0.0727 0.0898 0.0323 0.3212 71.88 53.13 
 
7 0.0999 0.0943 0.0561 0.0206 0.3900 53.13 40.63 
 
8 0.0152 0.0148 0.0099 0.0052 0.0639 9.38 0.00 
 
9 0.0420 0.0219 0.0345 0.0199 0.1006 25.00 9.38 
 
10 0.0316 0.0206 0.0224 0.0123 0.0792 21.88 0.00 
 
11 0.1701 0.1409 0.1282 0.0101 0.4490 68.75 65.63 






Table N.8  
Posterior Deltoid Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





DP 1 0.0435 0.0274 0.0328 0.0169 0.1089 33.33 14.29 
 
2 0.0193 0.0039 0.0184 0.0152 0.0300 0.00 0.00 
 
3 0.0214 0.0234 0.0128 0.0089 0.1199 9.68 3.23 
 
4 0.0778 0.0338 0.0642 0.0468 0.1915 93.75 37.50 
 
5 0.0323 0.0102 0.0297 0.0203 0.0656 3.23 0.00 
 
6 0.0409 0.0104 0.0386 0.0318 0.0836 12.50 3.13 
 
7 0.2377 0.2151 0.1149 0.0760 0.9698 100.00 96.88 
 
8 0.0374 0.0105 0.0348 0.0257 0.0638 12.50 0.00 
 
9 0.2218 0.1570 0.2133 0.0022 0.6499 96.88 75.00 
 
10 0.1507 0.1282 0.1161 0.0224 0.5256 78.13 65.63 
 
11 0.1033 0.1156 0.0580 0.0200 0.3970 56.25 31.25 
  12 0.0418 0.0139 0.0391 0.0227 0.0891 25.00 3.13 
 
Table N.9  
Triceps Brachii Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





TRC 1 0.0809 0.0860 0.0322 0.0217 0.3888 38.10 38.10 
 
2 0.0503 0.0253 0.0425 0.0363 0.1619 26.92 7.69 
 
3 0.0966 0.0357 0.0862 0.0709 0.2507 100.00 67.74 
 
4 0.0224 0.0133 0.0151 0.0116 0.0523 3.13 0.00 
 
5 0.3080 0.1694 0.2537 0.2001 1.0626 100.00 100.00 
 
6 0.0247 0.0088 0.0218 0.0168 0.0593 3.13 0.00 
 
7 0.0867 0.1016 0.0399 0.0293 0.5318 40.63 31.25 
 
8 0.0210 0.0080 0.0202 0.0129 0.0534 3.13 0.00 
 
9 0.0920 0.0650 0.0708 0.0421 0.3845 87.50 46.88 
 
10 0.0067 0.0035 0.0056 0.0041 0.0186 0.00 0.00 
 
11 0.1655 0.0925 0.1214 0.0651 0.4410 100.00 87.50 






Table N.10  
Biceps Brachii Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





BC 1 0.0418 0.0541 0.0214 0.0055 0.2358 19.05 9.52 
 
2 0.0335 0.0200 0.0291 0.0081 0.0786 23.08 0.00 
 
3 0.1007 0.0689 0.0777 0.0282 0.3730 77.42 48.39 
 
4 0.1295 0.1106 0.0855 0.0181 0.5086 87.50 50.00 
 
5 0.0645 0.0529 0.0442 0.0157 0.2134 48.39 25.81 
 
6 0.0251 0.0060 0.0240 0.0170 0.0390 0.00 0.00 
 
7 0.0719 0.0612 0.0434 0.0251 0.2337 46.88 21.88 
 
8 0.0171 0.0147 0.0124 0.0056 0.0784 3.13 0.00 
 
9 0.1391 0.0833 0.1068 0.0517 0.3288 100.00 62.50 
 
10 0.0561 0.0517 0.0364 0.0052 0.1823 43.75 25.00 
 
11 0.1240 0.1145 0.1041 0.0353 0.6771 87.50 65.63 
  12 0.0838 0.0599 0.0571 0.0387 0.2795 68.75 31.25 
 
Table N.11   
Pectoralis Major Participant Statistics and %MVC Exceeded 
              %Time Exceeded 
Muscle Participant Mean 
Std. 





PM 1 0.0877 0.0579 0.0740 0.0311 0.2602 76.19 42.86 
 
2 0.0504 0.0127 0.0498 0.0325 0.0801 50.00 3.85 
 
3 0.1301 0.0650 0.1196 0.0131 0.2750 90.32 77.42 
 
4 0.1015 0.0375 0.0968 0.0382 0.2189 96.88 75.00 
 
5 0.0926 0.0607 0.0711 0.0401 0.3282 80.65 41.94 
 
6 0.5273 0.2105 0.5350 0.1294 0.9990 100.00 100.00 
 
7 0.4812 0.1855 0.4488 0.2203 0.8651 100.00 100.00 
 
8 0.0886 0.0457 0.0791 0.0242 0.1860 78.13 50.00 
 
9 0.1145 0.0495 0.1099 0.0447 0.2576 96.88 75.00 
 
10 0.0746 0.1313 0.0270 0.0009 0.7337 40.63 25.00 
 
11 0.0861 0.0648 0.0766 0.0067 0.2101 56.25 46.88 
  12 0.0869 0.0643 0.0557 0.0235 0.2431 53.13 37.50 
 
